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ABSTRACT 
 
 
Ground tire rubber also known as crumb rubber has been widely used in asphalt 
concrete over the past several years due to its ability to improve temperature 
susceptibility of asphalt binders and enhance the performance of asphalt pavements. 
However, its inclusion in portland cement concrete is comparatively recent and more 
research is needed before adopting it as a regular construction material. Past research has 
shown that while addition of rubber aggregates in concrete reduces its compressive, 
tensile and flexural strengths, but is useful in improving durability properties as freeze-
thaw resistance due to the ability of crumb rubber to generate an effective air-void system 
in rubberized concrete. Previous studies have focused on the effect of the addition of the 
various sizes and replacement levels of crumb rubber on strength and other mechanical 
properties; however, a comprehensive assessment of these variables on freeze-thaw 
durability or air void parameters due to the ambient and cryogenic types of crumb rubber 
has not yet been fully conducted. The results of such investigations would potentially 
address issues such as instability and the loss of air and its effect on the air-void system 
in conventionally air-entrained concretes. 
To address this need, the main objective of this study was to investigate the 
freeze-thaw durability of rubberized portland cement concrete through the addition of 
two types of crumb rubber particles, ambient and cryogenic. In addition, three sizes of 
crumb rubber aggregates, #8 (2.36 mm), #50 (0.60 mm) and #100 (0.30 mm) at three 
replacement levels, 8%, 16% and 24%, by volume of fine aggregates were used in the 
  iii 
preparation of the concrete specimens. The results of rubberized concrete were compared 
with both non-air-entrained concrete and air-entrained concrete without the addition of 
rubber. The effect of the alkalinity of cement, the absence of super-plasticizer, the 
vibration time and frequency of the consolidation of fresh concrete, and the addition of 
supplementary cementing materials with high loss-on-ignition (LOI) that affects the air 
content in concrete, such as rice husk ash, was studied. Also, comparative studies were 
conducted with latex emulsions to understand if crumb rubber has any similarity with 
latex on concrete properties. 
The investigations on freeze-thaw durability of crumb rubber concrete concluded 
that the use of finer sized particles i.e. #50 and #100 of both types of crumb rubber at 
16% and 24% replacement levels, by volume of sand, displayed improved durability 
performance in freeze-thaw test without the need for conventional air-entraining 
admixtures. Concrete mixtures containing finer crumb rubber for higher dosage levels in 
combination with both low-alkali and high-alkali cements exhibited higher durability 
factors, of more than 60% at the end of 300 F-T cycles, as compared to the non-air 
entrained control concrete and coarser rubber concrete specimens. It was observed that 
the system of air bubbles incorporated in concrete due to the addition of crumb rubber 
particles was not adversely affected by the high carbon content in the #50 size ambient 
crumb rubber concrete specimens with rice husk ash (RHA), the different vibration 
frequency for consolidation of ambient crumb rubber concrete and in the absence of 
super-plasticizer in combination with the low alkali cement. Also, the vibration time in 
cryogenic rubber concrete did not affect its F-T performance. The F-T performance of 
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latex modified concrete with the low alkali cement was also comparable to the finer size 
crumb rubber concrete. 
However, the rubber concrete specimens prepared from combinations of RHA 
with #100 size and both low and high alkali cement along with #50 size crumb rubber 
concrete specimens with high alkali cement negatively affected the F-T performance. The 
vibration time in ambient rubberized concrete specimens affected their performance 
indicating that these factors affect the air entrainment in rubberized concrete similar to 
the conventionally air entrained concrete mixtures. Also, the latex modified concrete with 
higher replacement levels and high alkali cement was not effective in providing adequate 
F-T performance as compared to the crumb concrete with finer size and higher 
replacement levels. 
In summary, the findings from this research indicate that the use of finer rubber 
sizes and higher rubber replacement levels, improves the freeze-thaw durability 
performance of concrete, even though the strength of the concrete is decreased. However, 
a difference in the properties of rubberized concrete with #50 and #100 size fractions was 
observed in the various parameters studied here which needs to be investigated in further 
depth. The use of rubberized concrete is recommended in applications where the strength 
requirements are minimal but high durability requirements need to be satisfied. 
The hydrophobic nature of the crumb rubber and increased specific surface area 
(SSA) of finer size fractions of crumb rubber particles appears to be the principal 
mechanism leading to the increased air entrainment in the rubberized concrete. Standard 
petrographic examination methods are adequate to characterize the air content parameters 
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even in rubberized concretes. If the finer crumb rubber particles can be used as a partial 
replacement to fine aggregates, it can reduce the usage of natural mineral aggregates 
greatly and minimize their rapid depletion. Crumb rubber particles may prove to be a 
sustainable option for producing frost resistant concrete and also provide an opportunity 
for economic and environmental friendly solution for the disposal of high amount of 
waste tires in the landfills. 
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CHAPTER ONE 
INTRODUCTION 
 
Background 
 
The utilization of industrial waste products in portland cement concrete is a widely 
accepted practice in the construction industry due to their ability to improve the strength and 
durability properties. Since industrial waste management often requires a significant amount of 
energy and other resources, thus impacting the cost, reusing some of these materials as a 
substitute or partial replacement to improve the properties of construction materials is 
recommended. Commonly used waste materials in portland cement concrete include ground 
granulated blast-furnace slag from the steel industry, fly ash from coal- fired power plants and 
silica fume from the silicon industry in addition to the materials derived from agricultural waste 
such as burnt rice husk ash (RHA). 
Similar attempts have been made to investigate if ground tire rubber also referred to as 
crumb rubber obtained from scrap tires can be used in portland cement concrete as a partial 
replacement for either coarse or fine aggregates. This waste has been already found to be useful 
in asphalt concrete due to its ability to improve the temperature susceptibility of asphalt binders, 
enhancing the performance of asphalt pavements [Lee et al. 2008]. Other applications of ground 
tires include using them as fuel (also known as tire-derived fuel or TDF) for cement kilns or 
industry boilers, as sports ground surfacing, as a subgrade for roads, as embankment materials, in 
landfill construction and in septic tank construction. 
While past research has shown that the addition of crumb rubber to portland cement 
concrete reduces its strength [Kaloush 2005, Eldin and Senouci 1993, and Tountaji 1996], more 
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importantly, it has also been found to increase its sound absorption and thermal resistance 
[Sukkontasukkul 2009 and Han 2008]. Also, its addition has the potential to improve the 
durability properties such as freezing and thawing resistance due to the increased air entrainment 
in rubberized concrete [Benazzouk 2002, Richardson 2012, Savas 2004 and Topcu and Demir 
2007]. This ability of crumb rubber to improve durability properties is important mainly because 
F-T damage has continued to be a significant durability problem in concrete structures in cold 
regions. Air entraining agents are widely used to address this issue; however, such factors as the 
alkalinity of cement, the vibration time and frequency of consolidation of fresh concrete, and the 
high loss-on-ignition (LOI) values of supplementary cementing materials influence the 
effectiveness of these admixtures. These factors often cause difficulty in deciding the right 
amount of these admixtures needing to be added to the concrete. In addition, air entrainment 
using conventional air entraining agents often becomes ineffective due to the physical handling 
of concrete and its chemical interactions with other ingredients. These aspects need to be studied 
further in relation to the use of crumb rubber in concrete for F-T protection. To address these 
issues, this study investigates how rubberized concrete made with various size and replacement 
levels of two types of crumb rubber is influenced by these factors. 
An additional important reason for using crumb rubber is to improve the safe disposal of 
this ubiquitous waste material found in the landfills around the world. As the applications for 
their reuse and recycling are limited, the majority of these tires are disposed of in landfills, 
forming a significant portion of the waste materials and creating environmental and health issues 
due to the increased breeding of mosquitoes or rodents and the fire hazards. These fires create 
serious environmental pollution due to the emission of thick black smoke containing highly toxic 
gases such as polycyclic aromatic hydrocarbons (PAHs), benzene, styrene, phenols, and 
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butadiene into the atmosphere. Tire fires also threaten nearby water supplies with such harmful 
contaminants as lead and arsenic contained in the oily runoff [Environmental Protection Agency, 
EPA, 2003]. The municipal authorities in many countries have already banned the dumping of 
waste tires in the landfills [Tountaji, 1996]. In addition, since these tires do not degrade and 
remain in landfills for several years, their leachates after mixing with rain water often 
contaminate groundwater, further increasing ground pollution. 
According to the Rubber Manufacturer’s Association [RMA] under the recycling and 
reusing program of scrap tires (Figure 1.1), TDF accounted for 40.3%, ground rubber 
applications accounted for approximately 26.2% and 5.5% accounted for various civil 
engineering applications of the total generation of scrap tires in 2009 [RMA, 2011]. However, by 
the end of 2010, approximately 112 million scrap tires still remained in the stock piles, with the 
addition of more tires each year after that. The statistics for disposal methods and threats to the 
environment and human health highlight the need for a more widespread and effective program 
for the reuse of these scrap tires. 
To address this issue, research on the recycling of waste scrap tires has focused on 
various applications requiring tire chips, shredded tire fibers and ground rubber, the first two 
being produced by shredding. The ground rubber, also referred as crumb rubber, is produced by 
grinding scrap tires into smaller sizes. The properties of the final application product depend on 
whether the rubber is obtained from car or truck tires due to the difference in their chemical 
composition [Sgobba, 2010]. The composition of tire rubber consists of 14% natural rubber for 
car tires and 27% for truck tires, while synthetic rubber forms 27% of car tires and 14% of truck 
tires; the remaining tire for both types is composed of 28% carbon black, 14-15% steel and 
fabric, fillers, and 16-17% anti-ozonants by total weight of a tire [RMA, 2011]. 
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Figure 1.1: U.S. Scrap Tire Disposition [RMA, 2011] 
 
Two widely adopted processes for producing ground rubber tires are ambient or 
cryogenic. Ambient grinding can be done in two ways, either using granulation or cracker mills 
[http://www.scraptirenews.com/crumb.php]. Tires are inserted into the cracker mill or granulator 
at ambient temperature. Both reduce the large pieces of rubber by cutting and shearing actions 
into smaller sizes, the required size being controlled by a screen as shown in the Figure 1.2. The 
rubber particles produced in the granulation process usually have a cut surface and rough texture 
while those produced by the cracker mill are typically long and narrow in shape and have a high 
surface area. 
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Figure 1.2: Ambient Processing of Waste Tires [Scrap tire news online, 2011] 
 
To obtain crumb rubber of #40 or finer sizes, a micro-milling or wet grinding technique is 
used. In this process, partially cut crumb rubber particles are mixed with water to create slurry. 
This slurry is then sent through size reduction and classification equipment. When the desired 
size is achieved, the majority of the water is removed, and the slurry is dried. The major 
advantage of a wet grind process is its ability to create fine mesh crumb rubber. While fine size 
#40 mesh is produced, the majority of the particles are #60 mesh and finer sizes. Another 
advantage of the wet grinding process is that a cleaner and more consistent size of crumb rubber 
is produced due to the washing involved. 
In the cryogenic process, liquid nitrogen is used to freeze tire chips or rubber particles 
before grinding them as shown in Figure 1.3. The rubber, which becomes brittle or glass-like at 
freezing temperatures below -80
0
F (-66.2
0
C), is then ground to sizes ranging from ¼ inch to #30 
mesh or any other size as required by the application. Due to the thorough cleaning and washing 
process involved in the production, the cryogenic type crumb rubber is smooth and shiny. The 
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images of ambient and cryogenic crumb rubber taken from a stereo microscope are shown in 
Figure 1.4 and Figure 1.5 respectively. 
 
 
 
Figure 1.3: Cryogenic Processing of Waste Tires [Scrap tire news online, 2011] 
 
 
 
Figure 1.4: Ambient Crumb Rubber Particle #8 size (Scale: 1 unit = 0.50 mm) 
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Figure 1.5: Cryogenic Crumb Rubber Particle #8 size (Scale: 1 unit = 0.50 mm) 
 
The description of the processing techniques of both the types of crumb rubber suggests 
that the grinding of tires is expensive. The cost of crumb rubber for different applications is 
shown in Table 1.1. These costs show that as the size of the shredded tires or crumb rubber 
aggregates decreases, its production cost increases. While the cost of producing mineral 
aggregates and coarse rubber is approximately the same, the cost of achieving the finer size of 
the latter is 10 times more than that of mineral aggregates; thus use of finer crumb rubber may 
not always be an economically feasible option. 
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Table 1.1: Approximate Cost of Crumb Rubber Aggregates and Shredded tires (Siringi, 
2012) 
 
Type of Crumb 
Rubber 
Product Size Particle Size Approx. Cost  
Crumb Rubber 
Aggregates 
Chips 3/8” – 1/4" $180-$300/ ton 
Coarse 1/5 “ – 1/10” $220-$360/ ton 
Medium 1/10” – 1/30” $220-$400/ ton 
Fine 1/40” $300-$1200/ ton 
Shredded Tires 
Coarse 5” - 10” $10-$44/ ton 
Nominal 2” 2” – 3” $15-$45/ ton 
Nominal 1” < 2” $20-$65/ ton 
 
Even if the crumb rubber aggregates are not a cost-effective option, they may still be a 
potential alternative to the virgin mineral aggregates in specific applications and help in solving 
the problem of waste tires. According to USGS (U.S. Geological Survey) statistics, in the U.S., 
the production and consumption of mineral aggregates has increased from 58 million tons in 
1900 to 2.3 billion tons in 1996, with more than one half of these aggregates being produced and 
consumed in last 25 years [Tepordei, 1999]. Figure 1.6 shows the projected production of coarse 
and fine aggregates up to the year 2020. Using crumb rubber aggregates as a partial replacement 
can help to achieve a reduction in the depletion of these valuable and finite resources, providing 
a more sustainable option. The quantity of rubber required for 8%, 16% and 24% replacement 
used in the current study was 17.6 kg, 37.4 kg and 55 kg per cubic meter of concrete respectively 
which is a significant quantity in terms of efforts to reduce the disposal problem of waste tires as 
well as reduction of the consumption of mineral aggregates. 
  9 
 
Figure 1 6: U.S. Projected Aggregate Consumption [Tepordei, 1999] 
 
However, as the past research suggests, crumb rubber concrete cannot be used in the 
production of high strength concrete so its use may be limited to several low strength but high 
durability applications in cold regions such as side-walks, partition walls, sub-base courses in 
pavement construction or highway sound barriers. Precast panels made from crumb rubberized 
concrete may be more beneficial in these types of applications. 
 
Objectives 
To investigate the practicality of substituting crumb rubber for mineral aggregates, this 
study explored the freeze-thaw durability of crumb rubber concrete. The main objectives of this 
research study listed below: 
1) To investigate the F-T durability and air void system of rubberized concrete due to the 
addition of two types of crumb rubber, ambient and cryogenic, in three size fractions and 
three replacement levels. 
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2) To study the effect of the factors such as alkali content of cement, impact of SCMs with 
high loss-on-ignition (LOI) value, effect of high-range water reducer (super-plasticizer) 
in addition to the vibration time and frequency of consolidation of plastic concrete on the 
air entrainment and associated F-T durability of rubberized concrete. 
3) To compare the freeze-thaw performance of crumb rubberized portland cement concrete 
modified with the latex emulsion. 
4) To study the cement paste expansion characteristics in the presence of fine size crumb 
rubber particles using the cryogenic dilatometer technique. 
 
Organization of thesis  
This dissertation consists of five chapters. Chapter 1 is a brief introduction including the 
background of the use of waste tires, in portland cement concrete, the disposal problem of 
discarded car or truck tires, and the methods currently being used for their disposal. Two typical 
methods of production of ambient and cryogenic crumb rubber are discussed relation to the 
objectives and significance of this research study. Chapter 2 provides a comprehensive review of 
the past research on crumb rubber, specifically effect of use of crumb rubber, aggregates on the 
mechanical and fresh concrete including the deformation properties and thermal or sound 
absorption properties. Finally, the durability properties of crumb rubberized concrete, freeze 
thaw studies and factors affecting air-void parameters due to the addition of conventional air 
entraining agents and the need for the current study are discussed. 
Chapter 3 discusses the research plan for this study along with the experimental materials 
and methods used. It also includes the description of the various ASTM tests used for achieving 
the objectives of this study. Chapter 4 consists of the results obtained from various ASTM tests. 
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In-depth discussions of the results of the fresh and hardened concrete properties of rubberized 
concrete are included along with the related tables and plots and the summary of major findings. 
Chapter 5 presents the conclusions from the study in addition to the recommendations for future 
work. 
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CHAPTER TWO 
LITERATURE REVIEW 
 
Introduction 
 
The growing problem of the management of scrap tires in the U.S. led to a state-level 
scrap tire legislation program in the year 1990 through the combined efforts of the 
Environmental Protection Agency (EPA), Solid Waste and Emergency Response and the Policy, 
Planning and Evaluation Agency [Scrap Tire Markets, 1991]. By the next year, at least 44 states 
had passed legislation addressing the issue of scrap tires. These regulations provided the funding 
for reducing the number of tires in the stock piles and for their management and storage 
including incentives for tire recycling and use as an energy resource [Toutanji, 1996]. Since then 
various applications using scrap tires have been explored, primarily applications in civil 
engineering. 
However, even before this nation-wide initiative, the concept of using crumb rubber in 
asphalt binders was implemented in late 1960’s in Phoenix, Arizona, (Schnormeir and Russell H, 
1975) in the construction of rubber asphalt roads. Since then extensive research has been 
conducted on asphalt modified binders, and currently, it is a common practice to use crumb 
rubber modified binders in this industry. The addition of crumb rubber to asphalt improves the 
temperature susceptibility of the binders, and increasing its viscosity and stiffness [Lee et al. 
2008]. This improvement has been found to be beneficial in enhancing the performance of 
asphalt pavements in general. Because of the high temperatures used while mixing the crumb 
rubber particles with asphalt, the resulting homogeneous blend forms a viscous gel due to 
swelling of the crumb rubber in the mix, creating an asphalt binder with improved properties. In 
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addition, the use of crumb rubber also helps in reducing the carbon footprint in part by reducing 
the carbon emissions during the production of asphalt by almost seven times [Carbon Footprint 
of USA Rubber Tire Recycling 2007]. 
More recently, the use of rubber tires in portland cement concrete has become a focus of 
investigation. However, its applications are more limited because of the difference in basic 
properties of the binders used. The addition of crumb rubber particles to portland cement 
concrete does not involve high temperatures; this coupled with the mixing of aggregates of 
different specific gravities forms a heterogeneous mixture rather than a homogeneous one. 
However, research has indicated that its use may improve some of the concrete properties. The 
literature review presented here discusses early investigations of fresh concrete properties along 
with mechanical properties as strength on normal concrete followed by more recent research 
studies on self-compacting concrete using crumb rubber. The effect of addition of various forms, 
i.e. tire chips, shreds and crumb rubber aggregates, along with SCMs on the properties of 
rubberized portland cement concrete is also discussed. In the subsequent sections, the 
deformation and damping properties, thermal and sound properties, miscellaneous properties, 
surface modification methods and finally durability properties are discussed in addition to the 
factors affecting the air entrainment of concrete due to conventional air entraining admixtures. 
 
Mechanical and Fresh Concrete Properties 
 
Initial research on the use of crumb rubber as a replacement for either coarse or fine 
aggregates in portland cement concrete, focused on two areas, the mechanical properties and the 
fresh concrete. Early studies conducted by Eldin and Senouci, 1994, Fedroff and Fattuhi 1996 
concluded that when coarse aggregates were replaced by crumb rubber obtained from either 
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ambient or cryogenic processes, the compressive strength reduced by up to 85% while tensile 
strength was reduced up to 50%. In addition, ambient rubber showed gradual splitting failure 
while cryogenic rubber showed a more of gradual shear failure. Along with the reduction in 
strength, an increase in air content and a reduction of workability of rubberized concrete was 
reported. Similarly, study conducted by Tountaji [1996] investigating the effect of the addition of 
crumb rubber aggregates to the concrete as replacement for coarse mineral aggregates at various 
levels ranging from 25% to 100% showed twice the reduction in compressive strength compared 
to the flexural strength but higher toughness was observed with rubberized concrete, Goulias’s 
[1998] results of research using comparison between non-destructive testing (NDT) methods and 
conventional destructive methods on rubberized concrete supported this. He observed a good 
correlation between static and dynamic modulus and compressive strength with dynamic 
modulus and damping. 
Over the same time period, investigations on fresh concrete properties such as slump and 
unit weight were also being conducted [Fattuhi and Clark 1996, Batayneh et al. 2008 and Aiello 
et al. 2010], their findings demonstrating that both the slump and unit weight decrease due to the 
addition of crumb rubber aggregates, reducing compressive, tensile and flexural strengths. 
Replacement with coarser aggregates caused the greater reduction in compressive strength than 
the replacement with fine aggregates. In addition, replacement of coarse aggregates with rubber 
showed good residual strength after cracking while better post-cracking behavior was observed 
with partial substitution of fine aggregates in the concrete. 
The mechanical and fresh concrete properties were studied by the Arizona Department of 
Transportation focused on the material properties of rubberized concrete in both the laboratory 
tests and field performance data [Kaloush 2005]. Results indicated a decrease in unit weight with 
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increasing crumb rubber quantity reducing compressive, tensile and flexural strength. The 
rubberized concrete mix was found to be more ductile than the control concrete. Higher tensile 
strain observed at failure indicated more energy absorbent mix with gradual failure mode. 
Rubber mixes were also shown to be more resistant to thermal changes. One of the primary 
recommendations of their study was to use crumb rubber portland cement concrete in preparing 
precast panels for various low strength applications such as side-walks, noise and thermal panels 
and interior walls etc. 
It was observed that the crumb rubber can be used in various forms such as ground rubber 
aggregates, tire shreds or tire chips in the portland cement concrete. Waste tire shreds were used 
instead of the ground rubber aggregates in the portland cement concrete to study their effect on 
the shrinkage properties and crack behavior. It was shown that tire shreds cause reduction in 
width and length of cracks originated due to plastic shrinkage [Raghavan et al. 1998]. The rubber 
shreds continued to carry stress beyond cracking and maintained structural integrity of the 
material however, granular rubber failed in catastrophic manner indicating poor bonding with 
mortar paste. A study on the use of fine crumb rubber particles and rubber chips showed 
systematic reduction in compressive strength and split tensile strength with the increase in rubber 
content [Khatib and Bayomy 1999]. 
Mechanical behavior of concrete under static and dynamic loads of specimens with 
crushed tire rubber and polypropylene short fiber was investigated [Olivares 2002]. Experimental 
analysis of specimens under static and dynamic load showed that modulus increased with the age 
and decreased with the increase in fiber and temperature rise. After maximum strength was 
reached, fibers along with rubber prevented opening of the cracks indicating increase in the 
energy absorbed due to strain and breaking of concrete. The microscope analysis showed that 
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rubber-cement interface shows crystallization of calcium compounds on the surface of the rubber 
indicating that hydrated cement reacts with rubber fiber exterior surface and diffusion of 
hydrated products such as high calcium oxide takes place. Shreds showed more stability under 
highly alkaline medium. Similar results were presented by Li et al. [2004]. The waste tire fiber 
modified concrete had higher strength and stiffness than waste tire chip concrete indicating better 
performance of fibers than the chips. Also, thin fibers showed increased strength and stiffness of 
concrete. 
As was indicated in the past research that crumb rubber concrete has reduced 
compressive strength as compared to the control concrete, the attempts to increase the strength 
by addition of pozzolans such as silica fume or fly ash were made. Various investigations on 
fresh concrete properties and strength showed that silica fume improved the performance of 
rubberized concrete and also increased the resistance to crack initiation [Sallam 2008]. Wong 
and Ting [2009] studied the comparison between normal and high strength concrete when 25% 
of total aggregates were replaced by rubber aggregates and rubber chips along with the SCMs. 
Ground Granulated Blast furnace Slag (GGBS) with 65% replacement and Silica Fume 15% by 
weight of total cementitious materials was used as mineral admixture along-with steel fiber 
reinforcement with 0.25% by volume of concrete. High strength concrete resulted in lower slump 
and air content but more unit weight than normal concrete. Higher air content and lower slump 
and unit weight were observed for concrete with rubber chips. Rubber chips showed better 
performance than crumb rubber. Rubberized normal and high strength concrete showed gradual 
failure indicating high energy absorption capacity, while high strength concrete without rubber 
showed catastrophic brittle failure. The results of utilization of various forms of crumb rubber 
  17 
displayed the potential waste tire shreds and chips for the preparation of portland cement 
concrete with improved shrinkage and other properties. 
Chloride ion penetration in rubberized concrete with and without silica fume was 
investigated and was observed that for a particular w/c ratio and curing period, chloride 
penetration was significant and degree of penetration depended on the rubber content [Guneyisi 
2004]. However for increased curing period there was a significant reduction in chloride 
penetration even for higher volumes of rubber. Overall, silica fume was found effective in 
enhancing the strength and the resistance against chloride penetration. 
Several recent research studies reported the behavior of crumb rubber aggregates or tire 
shreds in the self-compacting concrete. Mechanical properties and micro-structural behavior of 
rubberized self-compacting concrete investigated by Bignozzi [2006] indicated that higher 
amount of super-plasticizer was needed for self-compacting concrete than regular concrete for 
same water cement ratio. Self-compacting concrete showed significant concrete deformation 
before failure and could withstand post-failure loads with lesser deformations. The interaction 
between steel fibers and rubber aggregates and effect on the resistance of mortars to shrinkage 
cracking was also investigated [Turatsinze 2006]. Use of cement based rubber mortars exhibited 
significant increase of free shrinkage length and also increase in their straining capacity despite 
of large decrease in tensile and compressive strengths. 
The modulus of elasticity and strain capacity of self-compacting concrete with rubber 
aggregates showed that strain capacity of self-compacting concrete with rubber aggregates was 
improved which was attributed to the ability of rubber aggregates to reduce the stress at the first 
crack tips running into the rubber and cement matrix interface, which eventually slows down the 
cracking kinetics and delays macro crack localization [Turatsinze 2008]. It was also observed 
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that the tire rubber aggregates provide toughening mechanisms such as particle pullout and 
internal cracking which does not exist in normal concrete [Taha 2008]. Shrinkage and strength 
behavior of roller compacted concrete with rubber additive was studied by Jingfu et al. [2009]. 
Roller-compacted rubberized concrete specimens indicated ductile failure under compression, 
indicating higher toughness of rubberized concrete and exhibited improved crack resistance. 
More drying shrinkage was observed in roller compacted rubberized concrete than in control 
concrete. Use of combination of waste tire rubber and fly ash with portland cement concrete 
displayed increase in strength of the mixtures with an increase in fly ash content and decrease in 
the water requirement of the mixture [Yilmaz 2009]. 
Increasing rubber content affected the porosity of self-compacting concrete. Topcu and 
Bilir [2009, 2010] investigated that increase in rubber content improved the fresh concrete 
properties of rubberized self-compacting concrete. Guneyisi (2010) studied the effect of use of 
crumb rubber on workability properties, partial substitution of fine aggregates with and without 
fly ash for self-compacting concrete. Results indicated that fly ash prolonged the initial and final 
setting time of rubberized self-compacting concrete in addition to decreasing the viscosity which 
is generally seen to be increased due to crumb rubber aggregates in the absence of fly ash. Silica 
fume helped in reducing the rate of strength loss and improved the mechanical properties of 
rubberized concrete. Rubberized concrete was workable and resulted in light weight concrete. 
Overall the portland cement concrete with crumb rubber showed promising results to be 
used in self compacting concrete. Replacement of rubber caused increase in water permeability 
depth and increased water absorption for coarse aggregate replacement and reduced water 
absorption in case of cement replacement [Ganjian 2009]. The material properties such as 
apparent density and porosity of rubberized concrete were studied by Panzera et al. [2009]. 
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Smaller rubber aggregates resulted in lower density and apparent porosity and higher 
compressive strength as compared to larger rubber aggregates. Higher rubber content caused 
reduction in strength and density while lower water content resulted in higher apparent density 
and compressive strength. 
These results from the various studies on fresh concrete and mechanical properties of the 
rubberized concrete and self-compacting concrete clearly indicate that the inclusion of crumb 
rubber decreases the slump and unit weight while increasing the fresh air content and causes 
significant reduction in compressive strength. Micro-structural investigations concluded that the 
cause of major reduction of strength might be due to the behavior of tire rubber aggregates acting 
as soft aggregates acting as stress concentrator causing micro cracking of the concrete matrix 
leading to loss of strength. Compressive strength depends on the paste quality, aggregates paste 
bond and aggregates hardness and density of aggregates. Hence compressive strength of concrete 
was affected by the inclusion of rubber aggregates. Moreover, poor transition zone and 
significant difference between the modulus of elasticity of rubber and the hardened cement paste 
are responsible for reduction in strength. However, when tire rubber ash (TRA) was used to 
replace the fine aggregates in mortar mixes, the compressive, tensile and flexural strength 
increased with increasing TRA content while workability decreased with increasing TRA content 
along with increase in initial and final setting time of TRA paste mixes [Akhras et al. 2002]. 
Even if it was exhibited from these studies that the strength of rubberized concrete is 
significantly reduced in comparison to the control concrete, SCMs or TRA may be added to 
improve it. 
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Deformation and Damping Properties 
 
Due to the elastic nature of rubber, many studies were conducted to study the effect of 
rubber aggregates on deformation properties of rubberized concrete. Such studies by Topcu 
[1995, 1997] showed that rubber aggregates made concrete ductile and were capable of 
undergoing higher deformation at fracture and absorb more energy. Impact resistance of thick 
rubber aggregate was also found to be higher [Topcu 1997]. Brittleness index (BI) in 
compression is an indicator of ductility of materials which is defined as the ratio of the elastic 
deformation energy to irreversible deformation energy. The smaller the brittleness index value, 
the material undergoes more ductile deformation. For brittle materials such as concrete, higher 
BI values due to larger elastic energy capacity than the plastic energy capacity as compared to 
other ductile materials. Addition of rubber in concrete can reduce the brittleness index values and 
improve ductility of concrete, changing the concrete from brittle material to considerably ductile 
material. 
Lower Brittleness Index (BI) value was obtained from the results of study conducted by 
Benazzouk [2003] also underlined the effect of alveolar (cavities in rubber aggregates) texture of 
rubber aggregate in the composite elasticity behavior when two types of rubber aggregate 
composites i.e. compact rubber aggregate composite (CRAC) and expanded rubber aggregate 
composite (ERAC) were used. Investigations about the potential use of rubber as fine aggregates 
showed that along-with the reduction in strength and increased strain capacity and the toughness 
of the composite, addition of rubber aggregates also restricted water propagation in the cement 
matrix and reduced water absorption of the composite [Benazzouk 2007]. The decrease in the 
absorptivity value was favorable to provide a better protection to steel reinforcement against 
corrosion and penetration of chloride ions. 
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The stress strain response of combined grading with coarse and fine aggregates showed 
that the ultimate stress depends on fine aggregate concentration while shape of the stress strain 
curve depends on the coarse aggregate concentration. Hence percentage of coarse and fine 
aggregates can be adjusted to obtain the expected response. Rubberized concrete was also found 
to be an effective absorption medium for sound and vibration energy. Significant reduction in the 
ultrasonic modulus with increasing rubber concentration was observed which indicated its 
porous composition. Rubber fibers can be used as crack arresters due to their high strain carrying 
capacity before macro cracking localization. When combined with fiber reinforcement, post 
ductility behavior of the rubberized concrete was improved [Turatsinze 2005, 2007]. Results on 
both static and dynamic modulus of elasticity for rubberized concrete showed reduction in their 
values but higher strain values were observed by Skripkiunas (2007). 
Mechanical investigations on behavior of tire rubberized concrete under compressive 
strain showed ductile behavior under compression testing and more gradual and uniform failure 
[Khaloo 2008]. BI values were calculated when coarse aggregates were replaced by ground 
rubber in different replacement levels using hysteresis loops obtained by loading, unloading and 
reloading the specimens by Zheng et al [2008]. Results showed that values of both crushed and 
ground rubberized concrete were lower than normal concrete indicating higher ductility 
performance than normal concrete. The optimal ground rubber content recommended was 15% 
and 30% for satisfactory brittleness index and compressive strength values. 
To investigate the efficiency of waste tire rubber filled concrete to improve deformation 
and energy absorption capacity of RC columns, a study was conducted by Son et al. [2011]. 
Compressive load carrying capacity of columns was reduced with the increase in rubber content. 
However waste tire rubber filled concrete columns were capable of undergoing twice lateral 
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deformations before buckling failure and improved the curvature ductility of columns by 45-
90%. They also exhibited better energy dissipating capacity and ductility showing potential use 
in seismic applications. 
Investigations on the dynamic properties of rubberized concrete including the comparison 
between static and dynamic modulus showed that the damping ratio of rubberized concrete was 
very high as compared to the normal concrete and increased with increasing rubber content 
[Zheng 2008]. Damping properties of rubberized concrete were sensitive to vibration response 
amplitude than plain concrete. The results showed that decrease of dynamic modulus of elasticity 
is associated with internal damping and energy dissipation in material because concrete with 
rubber additives is more elastic than concrete without additives [Skripkiunas 2009]. Rubberized 
concrete can be used for isolation of structure from structure borne noise in buildings, 
foundations and industrial floors. The amount of rubber aggregates had more significant effect 
on the measured responses than the particle size of the rubber. 
 
Thermal and Sound Properties 
 
The crumb rubber aggregates are light weight in nature hence they can be potentially 
used for thermal and sound insulation applications. Kaloush (2005) presented the results of study 
based on comparison of coefficient of thermal expansion (CTE) obtained for mixes with various 
rubber contents to the results without rubber. Figure 2.1(a) shows that the CTE values decreased 
as the rubber content increased while Figure 2.1 (b) compares the CTE results for the mix with 
300 lb of crumb rubber with those for other mixtures without rubber such as conventional 
concrete, fiber reinforced concrete and concrete with high fly ash content. Comparison of the 
average CTE results for all four mixes in Figure 2.1 (b) shows that the crumb rubber concrete 
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mix had the lowest CTE. These results indicate that the crumb mixes are more resistant to 
thermal changes; but associated with reduction in compressive strength. 
 
 
Figure 2.1: (a) Comparison of CTE as a Function of Crumb Rubber Content, (b) Comparison of 
CTE with Other Concrete Mixes without Crumb Rubber (Kaloush, 2005) 
 
A noise absorption study conducted on the crumb rubber blend panels mixed with other 
polymeric materials showed that crumb rubber panels can be effectively used as traffic noise 
barriers reducing the noise on the highways [Han 2008]. Physico-mechanical behavior and 
thermal performance of rubberized bricks showed that crumb rubber with sand did not cause a 
sudden brittle fracture even beyond the failure loads, indicating high energy absorption capacity 
with reduced unit weight of the bricks and enhanced thermal insulation [Turgut 2008]. Rubber 
bricks satisfied the requirements of international standards and behaved similar to autoclaved 
aerated concrete (AAC). This can be a promising application as a replacement to conventional 
bricks or ordinary blocks utilizing advantages of crumb rubberized concrete. Thermal 
conductivity and resistivity, heat transfer, sound absorption at different frequencies and noise 
reduction were investigated by Sukontasukkul [2009] by replacing fine aggregates with crumb 
rubber. Crumb rubberized concrete exhibited superior thermal and sound properties as compared 
to the plain concrete as was indicated by decrease in the coefficient of thermal conductivity 
coefficient and increase in the coefficient of sound absorption and noise reduction. 
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Other Miscellaneous Properties 
 
Other research investigations included the fire performance, fatigue behavior and blast 
loading in addition to the non-destructive testing (NDT) which are individual but important 
properties exhibiting beneficial performance of crumb rubber aggregates. A linear relationship 
between percentage of rubber and the radius of curvature produced due to thermal gradient and 
vapor pressure was measured on the fire tested specimens. The flammability was also found to 
be reduced due to the addition of rubber [Fattuhi 1996]. The behavior of a high strength concrete 
with silica fume modified by different amounts of solid rubber particles was investigated to study 
fire performance [Olivares 2004]. The inclusion of low volume rubber reduced the risk of 
explosive spalling of high strength concrete at high temperature due to escaping of water through 
the channels left after burning of rubber. The fire tests showed a reduction of curvature and risk 
of explosive spalling when high strength concrete filled with rubber was used. The depth of 
damage was reduced indicating reduction of the reinforcement covering in structural elements 
and increase in safety of high strength concrete against fire. 
Fatigue behavior of recycled tire rubberized concrete and its implications on rigid 
pavement design were investigated by Olivares et al. [2007]. Based on the experimental results, 
an analytical model was developed based on Westergaard’s equations. The results under fatigue 
test showed that it is feasible to use rubber filled concrete with fibers as composite material for 
rigid pavements for roads on elastic subgrade. Increase in stiffness due to fatigue load in 
rubberized concrete slab required a slight increase in the slab pavement thickness. Experiments 
were carried out in Air Force Research Laboratory to study the effect of crumb rubberized 
concrete subjected to blast loads [Bryan et al. 2010]. It was found that the compressive strength 
was reduced and increased the cracks developed during testing. Maximum load and overall 
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resistance decreased with increasing rubber content. More cracks were observed along the span 
length and larger stiffness of the samples after first crack was developed. 
Few non-structural applications such as blinding, curb-stones, manholes, highway 
barriers or other similar shock-resisting elements were recommended by Camille (2010). During 
the conventional destructive testing it was observed that rubberized concrete undergoes large 
deformation with full disintegration and normal concrete shows brittle failure. Non-destructive 
tests such as rebound hammer (RH) and ultrasonic pulse velocity (UPV) for the evaluation of 
rubberized concrete mixtures was also conducted [Albano 2005, Mohammed 2011]. The UPV 
values of the rubberized concrete decreased with increased percentage of crumb rubber content 
and decreased with increase in w/c ratio but increased with curing age. The rebound number of 
the rubberized concrete decreased as the rubber content and w/c ratio increased and increased for 
increasing curing age. RH test was found more dependent on the properties of rubberized 
concrete mixture than UPV test hence was considered more realistic. 
 
Surface Modification of Rubber Particles 
 
As observed in many investigations, major cause of reduction of strength in rubberized 
concrete is the poor bond between cement paste and the rubber aggregates. Hence attempts were 
made to modify the surface texture of the aggregates for improving the bond by treating the 
surface of the rubber aggregates with certain chemicals and the procedure is popularly known as 
the surface modification treatment. Portland cement or magnesium oxy-chloride cement was 
used as binders for fine rubber aggregates [Biel 1996]. The bonding properties of magnesium 
oxy-chloride contributed in improving the compressive strength, tensile strength as well as the 
post failure properties of rubberized concrete. From the failure pattern of the rubberized concrete 
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cylinder it was concluded that the amount of rubber in the mix determines the magnitude of 
stress localization effect on the overall matrix. 
In another such attempt the surface of the rubber aggregates was treated with cement 
paste and the Methocel cellulose ether solution and was studied [Li et al. 1998]. The rubber 
particles used were untreated and pretreated with either cement paste or coated with Methocel 
cellulose ether solution. Coating rubber particles with cement paste increased the compressive 
strength of the rubberized concrete. Rubberized concrete showed very good flexibility, ductility 
and energy absorbing capacity as compared to the normal concrete. Also, coating with cement 
paste was found better and practical. It was proposed that use of rubber aggregates in the 
portland cement concrete may help to shift the fundamental frequency of base isolated structure 
to a lower value, increase the damping ratio and reduce the response under resonant excitation. 
Surface treated tire rubberized concrete produced with chips, particles or fibers using 
saturated sodium hydroxide enhanced the toughness of rubberized concrete and showed 
significant capability of absorbing dynamic load and resist crack propagation [Li et al. 2004]. 
Further recycled tires were treated with various chemical acids such as H2SO4 (Sulfuric acid), 
HNO3 (Nitric acid) and HClO4 (Perchloric acid) and used in HDPE (High Density polyethylene) 
tire composites [Colom 2007]. Treatment with sulfuric acid or nitric acid increased the stiffness 
as a consequence of the rigidity of the rubber after treatment with acid. SEM micrographs 
showed that treatment with sulfuric acid and nitric acid produced a rough surface suitable for 
mechanical bonding while perchloric acid didn’t have any effect on rubber. Sulfuric acid showed 
promising results by producing larger increase of the porosity and the surface roughness 
indicating better interlocking properties between matrix and reinforcement. 
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Use of organic sulfur compounds to modify the surface texture was demonstrated by 
Chou et al. [2010]. Organic sulfur compounds improved the hydrophilic behavior of the rubber 
and increased the intermolecular interactive forces between rubber and C-S-H compounds. Also, 
compressive, tensile and flexural strengths of the treated samples increased considerably and also 
the availability of water for the hydration of cement increased which helped in improving the 
imperfections caused due to inclusion of rubber particles affecting the hydration of cement. The 
process of modification with sulfur compounds was found to be economical and simple to adopt. 
Waste tire fibers and hybrid fibers were found to work better than chips due to 
availability of sufficient length to transfer the applied load. Pelisser et al. [2011] investigated 
concrete made with recycled tire rubber for the effect of alkaline activation and silica fume 
addition. Recycled rubber washed with sodium hydroxide (1M NaOH) and silica fume along-
with Ligno-sulphate admixture was used to prepare rubberized concrete samples which showed 
reduction in porosity due to hydrophilic effect. The scrap tire rubber aggregates were surface 
treated with saturated NaOH solution for 20 min. and when used in cement paste showed that 
addition of rubber particles improved toughness and reduced the porosity of the specimens 
[Segre 2002]. Scanning Electron Microscopy (SEM) showed that NaOH surface treated rubber 
improved the rubber matrix bonding and also increased flexural strength and fracture energy. 
The various properties discussed here, displays the potential of crumb rubber aggregates 
as a promising future construction material. In spite of reduction in strength, the crumb rubber 
aggregates can be used to improve one or more properties of portland cement concrete. An 
overview of these beneficial properties of rubberized concrete was first reported by Siddique 
[2004]. A more recent review work by Najim and Hall [2010] have also summarized the benefits 
of rubberized concrete with respect to the self-compacting concrete and stated many 
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advantageous properties of rubberized concrete similar to those presented by earlier studies. 
Rubberized concrete produced low unit weight mixes with higher air contents which are easier to 
pump. Further reduction in dry density due to replacement with both coarse and fine aggregates 
causes increased damping in concrete resulting in improved thermal and acoustic insulation 
properties in addition to impact, vibration and absorption characteristics. Workability decreased 
with increasing rubber content in rubberized concrete but helped in controlling bleeding and 
segregation. Tensile strength of plain rubberized concrete decreases with increasing rubber 
aggregate content however strain rate increases significantly. Toughness and impact resistance 
also increases along with the use of Carboxylic acid improving adhesive properties of crumb 
rubber and cement paste. With this background research, the following section presents the 
investigations conducted to explore the durability properties of rubberized concrete which is the 
main focus of this study. 
 
Durability Properties 
 
Durability of portland cement concrete has been an issue for the concrete structures 
exposed to various environmental conditions such as F-T, wetting and drying, alkaline or 
chemical environments. The daily temperature cycles of heating and cooling, alternate exposure 
to wetting and drying in marine structures or exposure to the chemical or highly alkaline 
environment of concrete structures creates damaging expansive stresses in them causing cracking 
and ultimate failure of these structures. Hence it is necessary to study the impact of addition of 
crumb rubber aggregates on these properties of crumb rubberized concrete. Early durability 
investigations were conducted by Huynh and Raghavan [1998] to study the durability of 
shredded rubber tire in highly alkaline environments. The degradation of shredded rubber fibers 
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over the exposure period was monitored by observing the changes in mass, swelling, tensile 
strength and microstructure analysis. The results showed that there was very small change in 
shredded rubber in a highly alkaline cement suspension after 4 months indicating the possible 
stability of rubberized concrete under highly alkaline environment and hence enhanced 
durability. F-T durability results of cement rubber composites using two different types of rubber 
with different elasticity and morphology showed improvement in the durability of the composite 
containing 30 to 40% rubber by volume. Due to significant rough surface of crumb rubber 
aggregates higher deformability and higher level of air entrainment was observed. Weight loss 
during freeze and thaw cycles increased with the increasing number of cycles and was low for 
low rubber content and CRAC [Benazzouk 2002]. 
F-T durability of concrete with ground waste tire rubber was also investigated by Savas et 
al. [2004]. The freeze-thaw test was conducted in accordance with the ASTM C666 (Procedure 
A) and microscopic analysis to study air void parameters was done in accordance with ASTM 
C457 (Procedure B). Their studies showed that as the percentage of ground rubber increased the 
freeze-thaw durability decreased, however for the specimens with 10 to 15% of ground rubber by 
weight durability factors were observed greater than 60%. For rubberized concrete with ground 
rubber air entrainment or inclusion of fly ash did not improve freeze-thaw durability. Scaling 
increased with the increase in number of freeze-thaw cycles. 
Zhang et al. [2006] presented a study on rubberized concrete due to exposure to wet-dry 
cycles under water and composite salt solution. 1.5% mass fraction of Sodium Hydroxide 
solution was added to each concrete mix to improve the bond between rubber and the cement 
paste. Decrease in mechanical properties while increase in concentration of chloride ion was 
found to be more in rubberized concrete than normal concrete and increased rubber content. It 
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was stated that rubberized concrete should not be used for prolonged exposure to wet-dry 
cycling, hot and dry weather where sulfate attack may occur. Investigations on the mechanical 
properties of rubber cement composite aerated by artificially entrapping air voids by using new 
protein air entraining agents indicated improvement in workability and air entrainment with 
higher stability of air bubbles in the matrix. It was stated that the rubberized concrete can be used 
to produce frost resistance concrete without air entraining agents by controlling the parameters of 
cement and rubber since the rubberized concrete increases the closed porosity [Benazzouk 2006]. 
Combined studies for freeze-thaw durability and sound absorption were carried out and it 
was shown that due to larger closed porosity, rubber plaster exhibits good freeze and thaw 
durability [Stankevicius 2007]. Durability of crumb rubber concrete under freeze-thaw, sea water 
and high temperature was studied by Topcu and Demir [2007]. It was demonstrated that in spite 
of strength reduction, rubberized concrete showed less damage as compared to control concrete 
during freeze-thaw test. The investigations on porosity parameters such as volume of open and 
closed air pores, size and distribution of air pores and freezing and thawing factor carried out 
showed that addition of rubber to the cement matrix increased the porosity of the matrix and air 
entrainment was higher for smaller rubber particle size [Skripkiunas 2010]. The rubber waste 
additives in rubberized concrete act as an absorber and balance all internal stresses in concrete 
paste caused due to hydrostatic water pressure. 
Talukdar et al. [2011] examined the addition of ground rubber tires, crushed glass and 
recycled aggregates into the concrete. Compressive strength and elastic modulus and freeze-thaw 
durability were studied. Results demonstrated that ground tire rubber introduced significant 
amounts of air into the mix and adversely affected the strength. Freeze-thaw testing indicated 
that concrete containing ground tire rubber performs poorly under freeze-thaw, but the 
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performance can be marginally improved using a de-foamer. However, it was also stated that the 
freeze-thaw performance stabilizes when other recycled materials such as recycled aggregate and 
crushed glass were added to the mix. 
The investigations were conducted to find out an optimum quantity of rubber crumb as an 
air entraining ad-mixture in concrete, for providing maximum freeze-thaw protection and 
maximum strength [Richardson 2012]. Microscopic and chemical analysis was carried out on the 
rubber mortar samples to investigate how rubber crumb entrains air and reacts with the 
surrounding concrete. A freeze-thaw test was carried out on three separate batches of concrete 
containing washed rubber crumb, unwashed rubber crumb and plain concrete respectively. It was 
found that crumb rubber was effective in providing freeze/thaw protection in both cases. 
These investigations showed that the incorporation of crumb rubber increases the air 
entrainment in concrete. To utilize this increased air content for improving freeze thaw resistance 
of concrete further investigations are necessary. If the crumb rubber aggregates can be used in 
improving the F-T resistance the use of conventional air entraining admixtures and uncertainties 
arising out of their usage in the concrete can be minimized at least for low level applications. 
 
Factors Affecting Air Entrainment due to Conventional Air Entraining Admixtures 
 
Past research indicates that air entrainment in portland cement concrete is an extremely 
complex process and is highly affected by mixing process, concrete mix proportions, quantity 
and characteristics of fine and coarse aggregates, physical and chemical properties of cement, 
quality and amount of water, air entraining admixture dosages, other chemical admixtures 
(Gebler and Klieger.1983). Similarly, different types of supplementary cementitious materials, 
vibration time or vibration frequency, alkalinity of cement in addition to the temperature and 
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cement chemistry also affects the air entrainment (Du et al. 2005). Air bubbles in the fresh 
concrete are highly unstable. The interface between the dispersed air and the surrounding matrix 
contains free energy and the thermodynamic tendency is to reduce the interfacial surface areas. 
Thus all bubbles collapse after a certain period where air entraining surfactants are used to 
provide stability to them. 
Effect of various factors affecting air entrainment in fresh concrete are (Du et al. 2005): 
1) Air content decreases with increase in fineness of cement 2) Fine aggregate gradation between 
#30 and #50 promotes the stability of small air bubbles helping increased freeze-thaw resistance 
3) A slump value of @ 150 mm i.e. 6 in. gives appropriate air content values however above that 
value large unstable air bubbles are formed causes drop in air content 4) Higher temperatures 
causes reduction in air content 5) The type of mixer also affects the air content and distribution 
of air bubbles 6) Addition of SCM’s affects air content. Fly ash with higher carbon values 
usually tend to lower air contents due to adsorption effects. 
Air contents of concrete containing Class C fly ash was found to be more stable than 
concretes containing Class F fly ash. The fly ash containing higher organic matter was found to 
have higher air-entraining admixture requirement for concrete due to higher carbon contents. As 
air entraining admixture requirement increases for a concrete containing fly ash, air loss 
increases. Air entraining admixture requirement decreased as total alkalies in fly ash increased. 
As the specific gravity of fly ash increased, the retention of air in concrete increased. Concrete 
containing a fly ash with high lime content (Class C fly ash) and less organic matter tends to be 
less vulnerable to loss of air. When the amount of water soluble alkali by weight of concrete 
mixing water is raised from 1.0 to 1.5 to 2.0 % the neutralized vinsol resin type of air entraining 
admixture, significantly higher values of the spacing factor were observed (Pistilli 1983). 
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A laboratory investigation to study the fundamental mechanism of interaction between 
fly ash and air entraining admixtures was carried out (Freeman et al. 1997). Results indicated 
that the interaction is time dependent and occurs to a degree that correlates crudely with the 
amount of carbon present. The admixtures were preferably adsorbed from the aqueous phase on 
non-micro-porous carbonaceous surfaces. Addition of super-plasticizer causes significant 
increase in the value of spacing factor along-with instability variability issues (Plante et al. 
1989). The stability of air-void spacing factor is influenced by the type of cement, air entraining 
admixtures. The synthetic detergent based admixtures yielded very stable air-void parameters. 
Air void stability problems occurs due to dosages of the air entraining admixtures sufficient to 
create adequate spacing factor but maintain its stability over the time. According to Plante et al. 
(1989) higher alkali cements are positive for improving freeze thaw durability by providing 
higher stability to spacing factor. 
 
Summary 
 
The past research review presented above on freeze-thaw studies indicates that there is an 
evidence that crumb rubber addition to concrete improves its freeze thaw durability, however, 
there is no comprehensive report available about the effect of different types, size fractions or 
replacement levels of crumb rubber aggregates or factors affecting the air void system in crumb 
rubberized concrete. Therefore this study aims at an investigation to evaluate these parameters to 
potentially replace the air entraining agents for producing frost resistant concrete and resolve the 
issues discussed in the above section related to the usage of air entraining admixtures in actual 
practice. The effect of various factors on entrained air such as alkalinity of cement, vibration 
time/ frequency and use of effect of high loss on ignition of supplementary cementitious 
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materials (i.e. rice husk ash) was studied on the freeze-thaw performance and air-void system of 
the crumb rubberized concrete. 
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CHAPTER THREE 
 
RESEARCH PLAN, MATERIALS AND METHODS 
 
Research Plan 
 
The main objective of this study was to investigate the freeze-thaw durability of ambient 
and cryogenic crumb rubberized portland cement concrete. Three replacement levels of crumb 
rubber, 8%, 16% and 24% by volume of sand (i.e. 1.6%, 3.3% or 5% by volume of concrete 
respectively) and three size fractions of crumb rubber #8 (2.35 mm), #50 (0.30 mm) and #100 
(0.15 mm) mesh were used. In Phase-1, the investigations were carried out with the above matrix 
using low alkali cement. Standard ASTM tests on fresh and hardened rubberized concrete were 
conducted. On the basis of these preliminary results, further investigations were conducted to 
study the effect of various other factors such as alkalinity of cement, addition of high LOI value 
SCM i.e. RHA and latex rubber emulsion affecting the freeze-thaw durability and air void 
parameters of rubberized concrete in Phase-2. 
To study the effect of alkalinity of cement two types of cement with low alkali content 
and high alkali content were used. High alkali cement was used in the preparation of finer size 
i.e. #50 and #100 rubberized concrete mixes with 16% and 24% replacement levels. For studying 
the effect of use of SCMs rice husk ash with higher value of loss on ignition (LOI) was used. 
Only one replacement level of rice husk ash i.e. 10% by weight of cement was used while crumb 
rubber dosage of 16% replacement level of ambient crumb rubber for two size fractions #50 and 
#100 was selected. For comparison control and air entrained concrete specimens also were 
prepared using rice husk ash. All the specimens for RHA study were prepared with both low and 
high alkali content cement. Acrylic latex emulsion was used to study the effect of addition of 
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natural latex rubber on F-T durability and investigate if there is any difference in the 
performance of F-T durability of natural rubber and crumb rubber portland cement concrete. 
Specimens were prepared using both low and high alkali content cement. All the materials used 
and methods adopted are described below. 
 
Test Materials 
Cement  
Two different types of Type I portland cement were used, i.e. with low alkali and high 
alkali content. The alkali content along-with the chemical composition of these cements is shown 
in Table 3.1 and Table 3.2 respectively. The low alkali cement used was obtained from the 
company Lafarge (Harleyville, South Carolina) while high alkali cement was procured from 
Lehigh (Evansville, Pennsylvania). For majority of the mixes high alkali cement-I was used 
however, only for one mix i.e. air entrained concrete specimens with rice husk ash high alkali 
cement-II was used. The alkali content of second type of high alkali cement is slightly higher 
than first type i.e. alkali equivalent of first type of high alkali cement used is 0.82 while for 
second type is 0.88. 
Aggregates 
The coarse aggregates from the Vulcan Materials quarry at Liberty, SC were used with 
maximum aggregate size 1/2 in. and specific gravity 2.52. The natural river sand was used with 
the specific gravity of 2.57 and fineness modulus of 2.40. The water absorption value for coarse 
and fine aggregates was 0.99% and 1.43% respectively. 
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Crumb Rubber 
Three different sizes of crumb rubber were used. Ground rubber was obtained from the 
company GTR (Global Tire Recycling) located in Florida. The original sizes of crumb rubber 
aggregates obtained from the company was #4 for coarser rubber aggregates while it was #40 
mesh (0.425 mm) for fine aggregates. These aggregates were later sieved to obtain required size 
fractions for the respective concrete mixes. Coarse rubber aggregates used were passing through 
#4 sieve and retained on #8 sieve, while finer sizes used were passing #30 sieve and retained on 
#50 sieve and passing #50 sieve but retained on #100 sieve. The specific gravity of crumb rubber 
used was between 1.04 and 1.16. For this study a value of 1.10 was considered for all the 
calculation purpose. The crumb rubber aggregates were assumed to have negligible water 
absorption value. 
Supplementary Cementitious Materials 
The high-carbon rice husk ash (RHA) obtained by an open-heap burning process was 
used. It is black in color due to its high un-burnt carbon content and has a specific gravity of 
2.15. LOI indicates the free carbon content of fly ash. As the value of LOI in SCM increases the 
dosage of air entraining admixture increases. In order to study the effect of LOI on increased air 
entrainment due to addition of crumb rubber aggregates into the concrete, SCM with highest LOI 
value i.e. high carbon rice husk ash was used in this study. The maximum value of LOI for 
available Class C and Class F fly ash was close to 3% hence in this study high carbon rice husk 
ash with higher LOI value of 6.72% was selected instead of fly ash. 
Chemical admixtures 
Mainly two types of chemical admixtures were used throughout the study i.e. high range 
water reducer and air entraining admixture. Glenium
(R)
 7500 series was used as the standard 
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high-range water reducer which is a poly-carboxylate based super-plasticizer. The specific 
gravity of this material is 1.05 and its viscosity is 85 cps. Darex-II was used as an air entraining 
admixture. The specific gravity of this admixture is 1.008. 
Latex Emulsion 
Sika-Latex ® which is an acrylic latex admixture was used to study the effect of addition 
of natural rubber on F-T resistance of concrete. It is a milky white liquid containing 15% solids 
of the total mix. It was added to the mixing water while making concrete. 
Table 3.1: Chemical Composition of Low Alkali Cement 
 
Chemical Composition Oxide, % 
SiO2 20.60 
Al2O3 5.10 
Fe2O3 3.40 
Total S+A+F -- 
CaO 64.50 
MgO 1.00 
SO3 3.10 
Na2O -- 
Na2Oeq = Na2O +0.68K2O 0.49 
K2O -- 
TiO2 -- 
Loss on Ignition (LOI) 1.10 
Insoluble Residue 0.25 
C3A 8 
C3S 58 
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Table 3.2: Chemical Composition of High Alkali Cement 
 
 High Alkali I High Alkali II 
Chemical Composition Oxide, % Oxide, % 
SiO2 19.74 19.45 
Al2O3 4.98 4.85 
Fe2O3 3.13 3.79 
Total S+A+F -- -- 
CaO 61.84 61.37 
MgO 2.54 2.92 
SO3 4.15 3.30 
Na2O -- -- 
Na2Oeq = Na2O +0.68K2O 0.82 0.88 
K2O -- -- 
TiO2 -- -- 
Loss on Ignition (LOI) 1.90 2.54 
Insoluble Residue 0.25 0.40 
C3A 8 6.45 
C3S 52 52.55 
 
Table 3.3: Mixture Proportions for Concrete 
 
Material 
Control 
Concrete 
Air Entrained 
Concrete 
Crumb Rubber Addition Level as  
Percentage of Fine Aggregate by 
Volume 
8% 16% 24% 
kg/m
3
 kg/m
3
 kg/m
3
 kg/m
3
 kg/m
3
 
Cement 480
3
 448 480 480 480 
Coarse Aggregates 994 971 994 994 994 
Fine Aggregates 535 511 493 447 406 
Water 216 201 216 216 216 
Crumb Rubber -- -- 18 37 55 
w/c 0.45 0.45 0.45 0.45 0.45 
AEA -- 0.6% -- -- -- 
HRWR 0.5% 0.25% 0.5-0.6% 0.6-.75% 0.6-0.75% 
 
Note 3: In order to get a discernible influence of crumb rubber on properties of concrete, the cement content was 
held at a high dosage in the mix design. 
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Table 3.4: Test Matrix of Crumb Rubberized Concrete Specimens with Low Alkali Cement 
 
S. No. Ambient Crumb Rubber Cryogenic Crumb Rubber 
1 #8-8% #8-8% 
2 #8-16% #8-16% 
3 #8-24% #8-24% 
4 #50-8% #50-8% 
5 #50-16% #50-16% 
6 #50-24% #50-24% 
7 #100-8% #100-8% 
8 #100-16% #100-16% 
9 #100-24% #100-24% 
10 Control 
11 Air Entrained Concrete 
 
Table 3.5: Test Matrix of Crumb Rubberized Concrete Specimens with High Alkali 
Cement 
 
S. No. Ambient Crumb Rubber Cryogenic Crumb Rubber 
1 #50-16% #50-16% 
2 #50-24% #50-24% 
3 #100-16% #100-16% 
4 #100-24% #100-24% 
5 Control 
6 Air Entrained Concrete 
 
Table 3.6: Test Matrix of Crumb Rubberized Concrete Specimens with RHA 
 
S. No. Low Alkali Cement High Alkali Cement 
1 #50-16% #50-16% 
2 #100-16% #100-16% 
3 Control + RHA Control + RHA 
4 Air Entrained Concrete + 
RHA 
Air Entrained Concrete + 
RHA 
 
Table 3.7: Test Matrix of Latex Modified Concrete Specimens 
 
S. No. Low Alkali Cement High Alkali Cement 
1 Latex_10% Latex_10% 
2 Latex_20% Latex_20% 
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Table 3.8: Test Matrix of Crumb Rubberized Concrete Specimens without Super-
Plasticizers 
 
 
S. No. 
Ambient Rubber (Size and 
Replacement Level) 
Cryogenic Rubber (Size and 
Replacement Level) 
1 #50-16%_AMB #50-16%_CRY 
2 #100-24%_AMB  
 
Table 3.9: Test Matrix of Crumb Rubberized Concrete Specimens for Vibration Study 
with Low Alkali Cement 
 
#50-16%_CRY_LA #50-16%_AMB_LA AEC_LA 
VBT=1 min.  
(2800 rpm) VF= 1 
min. 
(2800 
rpm) 
VF= 3 min 
(2800 rpm). VF= 5 
min. 
(2800 
rpm) 
VF= 2800 rpm  
(3 min.) 
VBT=3 min.  
(2800 rpm) 
VBT= 1800 
rpm 
VF= 1800 rpm  
(3 min.) 
VBT=5 min.  
(2800 rpm) 
VBT= 4800 
rpm 
VF= 4800 rpm  
(3 min.) 
 
Table 3.10: Test Matrix for Cryogenic Dilatometer Test 
 
S. 
No. 
Type of 
Rubber 
Size of 
Rubber 
Replacement 
Level 
Type of 
Cement 
Type of 
SCM 
1 Ambient #50 16% HA* -- 
2 Ambient #50 16% LA** -- 
3 Ambient #50 16% HA RHA*** 
4 Ambient #50 16% LA RHA 
5 Cryogenic #50 16% HA -- 
6 Cryogenic #50 16% LA -- 
7 Cryogenic #50 16% HA RHA 
8 Cryogenic #50 16% LA RHA 
 
*HA – High Alkali Cement, **LA – Low Alkali Cement, ***RHA – Rice Husk Ash 
 
Methods  
ACI-211 method of concrete mix design is adopted. The target slump value considered 
for mix design is 75 mm (3 in.) and the average compressive strength is 29 MPa (4200 psi). The 
proportions of various ingredients used are shown in Table 3.3. Several batches of concrete were 
made as per the test matrix displayed in Table 3.4 through Table 3.9.  
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Compressive Strength 
Concrete cylinders of size 100 mm dia. x 200 mm long (4 in. x 8 in.) were prepared from 
the concrete mixes as per the procedure described in ASTM C-39. A concrete mixer with 
capacity 6.0 cubic feet was used for mixing Figure 3.1. The mixing sequence of the materials 
adopted was coarse aggregates, crumb rubber followed by sand and finally cement was added. 
Rice husk ash was mixed with cement when used. Latex emulsion was added first in the mixer 
followed by coarse and fine aggregates and cement as prescribed in the product specifications. 
Mixing water with high-range water reducer was added in 1/3
rd
 quantities. After all the 
ingredients were added, mixer was run for three minutes then after a rest period of two minutes 
again mixer was run for three minutes. While making air entrained concrete, part of air 
entraining admixture was sprayed on fine aggregates while remaining quantity was added after 
the rest period along-with little water and super-plasticizer. This sequence helped in obtaining 
targeted air content in the fresh mix. 
 
 
Figure 3.1: Concrete Mixer for Rubberized Concrete 
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For each batch of concrete fresh concrete tests properties i.e. air content (ASTM C173), 
workability (ASTM C143) and unit weight (ASTM C138) were conducted. The tests conducted 
on hardened concrete included compressive strength (ASTM C192, C39), freeze-thaw test 
(ASTM C666) and hardened air content (ASTM C457). Compressive strength cylinders were 
cured in a moist room with a temperature 23
0
 C and 100% relative humidity (RH) and were 
tested at 3, 7, 14, 28 and 56 days of curing age (Figure 3.2). Three cylinders from each mix were 
used for testing at each curing age and average was calculated. The Latex rubber specimens were 
cured in moist room for 7 days and then dry cured at ambient temperature for specified days 
before subjected to further testing. 
 
 
Figure 3 2: Rubberized Concrete Specimens Cured in Moist Room 
 
Freeze-Thaw Test 
For F-T test, two prismatic samples of 75 mm x 75 mm x 285 mm (3 in. x 3 in. x 12 in.) 
dimensions of each mix were cast, cured for 14 days and then kept in F-T chamber for further 
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testing (Figure 3.3). The test was run for 300 cycles of F-T. Procedure “A” as described in 
ASTM C666 i.e. rapid freezing thawing in water was adopted. As per this standard the 
temperature variation inside the F-T machine should be lowering the temperature from 40°F to 
0°F (4°C to −18°C) and raising it from 0°F to 40°F (−18°C to 4°C) in not less than 2 hours and 
not more than 5 hours. However, it was observed that at 40°F the samples do not thaw properly 
and ice does not melt completely. This makes it difficult to remove the ice from the specimens 
for taking results hence for this study the temperature variation was maintained from 55°F to 0°F 
(11.5°C to −18°C) and raising it from 0°F to 55°F (−18°C to 11.5°C). The readings were taken 
after every 30 cycles. The readings included length-change (expansion), weight change and 
dynamic modulus of elasticity as described in the standard. 
 
 
Figure 3.3: Rubberized Concrete Specimens in F-T Testing Machine 
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Hardened Air content  
For the hardened air content test, one extra cylinder from each mix was used after curing 
age of 28 days. The specimens were first cut in half and then a section of about 100 mm x 100 
mm (4 in. x 4 in.) square shape was obtained lengthwise from the top half portion of the cylinder 
(Figure 3.4). Once the specimen was cut, it was polished on the Diamond Pacific polishing wheel 
using water as the lubricant (Figure 3.5). Silicon carbide grits were used to polish the samples 
starting with the lowest number grit and coarser particle size (#60 or #80) and continue to 
progress to the higher grit numbers but finer particle size (i.e. #1000). 
Then procedure “B” (Modified Point-Count method) was used to actually evaluate the 
hardened air content parameters of lapped specimens. Based on the maximum size of coarse 
aggregates, minimum test area was found out using table 1 in the standard along with the 
minimum length of traverse and the minimum number of stops mentioned in tables 2 and 3 
respectively. A Nikon SMZ 1000 Stereomicroscope was used at 50X magnification for the 
procedure. Final lapped specimen with markings and ready for microscopic study is shown in 
Figure 3.7. 
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Figure 3.4: Cutting of Concrete Specimen for Polishing 
 
 
 
Figure 3.5: Final Lapped Concrete Specimen Ready for Microscope Observation 
Cut 1 
Cut 2 
8” 
4” 
Before Cut 1 & 2 
After Cut 1 & 2 
Cut 3 (Optional) 
1” 
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Cryogenic Dilatometry Test 
For monitoring differential linear expansion during freeze-thaw cycles, a cryogenic 
dilatometer test was conducted. For this test crumb rubber mortar samples of size 8 mm in 
diameter and 25 mm in length were prepared using cement to sand ratio of 0.47 and water 
cement ratio of 0.45. The gradation of sand used was passing through #30 sieve and retaining on 
#50 sieve. Similar size of crumb rubber i.e. #50 mesh at 16% replacement of sand by volume 
was also added. Drinking straws having the diameter of 8 mm were used as the molds. Sufficient 
amount of super-plasticizer was added to the mix to enter and compact in the straws. After 
placing the samples in molds they were further compacted on a vibrated table. The samples were 
then sealed and kept at 23
0
 C for 24 hrs. Samples were then removed from the molds and placed 
in a saturated Calcium Hydroxide solution at 38
0
 C for 28 days.  
The test matrix of the samples prepared is shown in Table 3.10 and the pictures of the 
samples are shown in Figure 3.6. After the 28-day curing samples were cut into 25 mm lengths 
to prepare for cryogenic dilatometer testing. The cut samples were then placed in an 
environmental chamber with a temperature of 23
0
 C and 50% relative humidity for another 24 
hrs. After the samples were removed from the environmental chamber they were placed in tap 
water for 48 hrs. After that samples were taken out of the solution, labeled and placed in a Ziploc 
bag with a wet napkin and sealed and taken to the facility for cryogenic dilatometer testing. 
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Figure 3 6: Cryogenic Dilatometer Test Samples 
 
A Netzsch 402
0
 C cryogenic dilatometer was used for conducting this test. The 
dilatometer is capable of temperatures between 500
0
 C and -160
0
 C with a linear sensitivity of 
1.25 nanometers. The range of temperatures used in this study was between +15
0
 C and -20
0
 C at 
a cooling and heating rate of one degree per minute. The samples were started at +15
0
 C then 
cooled to -20
0
 C and then heated back to 15
0
 C to complete the cycle. Length change of the 
samples was monitored during these temperature cycles. A typical diagram of the dilatometer is 
shown in Figure 3.7. 
  
Figure 3.7: Cryogenic Dilatometer Equipment 
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CHAPTER FOUR 
RESULTS AND DISCUSSIONS 
 
This chapter consists of results obtained from various investigations conducted in this 
study and discussions on them. The results of preliminary studies for rubber concrete specimens 
with low alkali cement with two rubber types, three size fractions and three replacement levels 
are presented first followed by the results of various other parameters. 
 
Fresh Concrete Properties 
On each of the concrete mix, fresh concrete tests such as slump, unit weight and air 
content were conducted. The standard slump cone was used for measuring the slump while fresh 
air content was measured using the volumetric method i.e. using Roll-o-meter instead of pressure 
meter method (Figure 4.1). Rubber aggregates are elastic and light weight in nature hence they 
may get compressed during determining the air content by pressure meter method yielding 
inaccurate values. It was observed that the rubber particles float onto the top of the Roll-o-meter 
during the test in finer rubber size mixes i.e. #50 and #100 sizes and more dominantly for the 
latter size fraction (Fedroff 1996). 
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Figure 4.1: Roll-o-meter for Determining Fresh Air Content by Volumetric Method 
 
Slump Value  
Addition of crumb rubber to the concrete reduced its workability and produced stiff 
mixes in the absence of HRWR at the given w/c ratio of 0.45. As the replacement level 
increased, the workability decreased. To improve the fluidity of rubberized concrete mix and 
make them workable HRWR was added. The coarse rubber aggregate mixes showed better 
workability than the finer size rubber aggregates. The optimum dosage of HRWR was sufficient 
to obtain targeted slump of 75 mm for all types of mixes. Similar trend was observed for both 
types of crumb rubber when low alkali cement was used. Decrease in workability with increased 
amount of crumb rubber was also reported by Khatib and Bayomy [1999] however as per their 
observations workability of coarser size aggregate concrete was better than finer size rubber 
aggregates. For high alkali cement however much better workability was obtained with lesser 
dosage of HRWR of 0.4% by weight of cementitious materials for both types of crumb rubber as 
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compared to up to 0.75% for low alkali cement mixes. This trend is expected as the higher 
alkalinity in concrete mixes aids in improving workability [Flatt and Houst 2001]. 
Higher dosage of water reducer (up to 0.8% by weight of cementitious materials) was 
required for all the mixes with rice husk ash due to the porous nature of the material which tends 
to absorb the water reducing agents added during mixing. Similarly higher dosage of air 
entraining admixture was required for air entrained specimens with rice husk ash (up to 300 mL/ 
kg by weight of cement).The workability of latex modified concrete mixes was found to be 
adequate and required lesser quantity of HRWR (up to 0.25% by weight of cement at the max.). 
The w/c ratio for rubberized concrete specimens without super-plasticizers was increased to 0.50. 
This provided enough workability to the fresh concrete mixes yielding targeted slump value of 
75 mm. This also means that for higher water/ cement ratios crumb rubber concrete may be more 
workable without the need for adding super-plasticizer. The results of fresh concrete properties 
for low alkali cement mixes are displayed in Table 4.1. 
Fresh Air Content  
Fresh air content of concrete increased with the increasing percentage of crumb rubber. 
Higher air content was observed for #50 and #100 size fractions of crumb rubber at 16% and 
24% replacement level than at 8% replacement level. Similar trend was observed for both 
ambient and cryogenic type of crumb rubber for low alkali cement mixes. Fresh concrete mixes 
with coarser rubber size aggregates for both rubber types did not yield higher air content values. 
Ambient rubber mixes had higher air content values as compared to the cryogenic crumb rubber 
at any given replacement level and size. Higher air contents in fresh rubberized concrete were 
also reported by Fedroff et al. [1996] and Khatib and Bayomy [1999]. 
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Table 4.1: Fresh Concrete Properties (Low Alkali Cement Mixes) 
 
Rubber Size and 
Replacement 
Level (%) 
 
Ambient Crumb Rubber Cryogenic Crumb Rubber 
Slump 
(mm) 
Fresh Air 
Content 
(%) 
Unit 
Weight 
(kg/m
3
) 
Slump 
(mm) 
Fresh Air 
Content 
(%) 
Unit 
Weight 
(kg/m
3
) 
#8-8% 89 0.75 2327 121 0.50 2318 
#8-16% 216 2.75 2254 95 0.75 2289 
#8-24% 190 2.50 2270 32
4
 0.50 2265 
#50-8% 178 1.75 2339 32
4
 1.00 2324 
#50-16% 203 5.50 2222 203 4.00 2255 
#50-24% 165 7.25 2119 121 2.75 2177 
#100-8% 114 3.50 2279 95 1.50 2313 
#100-16% 165 5.50 2082 190 4.75 2153 
#100-24% 114 5.00 2175 114 3.50 2223 
Control Concrete 152 1.75 2507 152 1.75 2507 
Air Entrained 
Concrete 
127 5.75 2263 127 5.75 2263 
 
Note 4: The slump value for these two initial mixes was very less because no HRWR used 
 
The main cause of this increased air entrainment in rubberized concrete without using 
conventional air entraining admixtures may be attributed to the non-polar nature of rubber 
particles and their tendency to entrap air in their rough surfaces. The aggregates made up of this 
material with a specific gravity material of 1.10 are light weight and hydrophobic in nature. 
When these rubber particles are added in to the concrete they try to repel water and the air 
molecules surrounding these rubber particles enters into the concrete mix. Further during the 
mixing process the air bubbles get distributed in the cement matrix. As the size of aggregates 
become finer, more surface area is available and hence more air is entrained into the concrete 
mix. 
This behavior was found to be more prevalent in ambient rubber than cryogenic rubber 
with low alkali cement. As seen from the values of fresh air content of ambient and cryogenic 
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crumb rubber specimens, values for ambient crumb rubber were higher. One of the reasons may 
be difference in the surface texture of crumb rubber aggregates. From Figures 1.3 and 1.5 it can 
be seen that the ambient rubber particle has more rough surface texture. On the other hand 
cryogenic rubber aggregate has more smooth and shiny surface with few cracks at the edge of an 
individual particle. Due to this difference the ambient crumb rubber aggregates carry higher air 
pockets around them as compared to the cryogenic rubber resulting in higher air entrainment in 
the concrete mix. 
An experiment was conducted to study if the crumb rubber could be wetted and mixed in 
the water easily. For this rubber aggregates of approximately 100 grams of both types and three 
size fractions were taken and then soaked in water for 24 hours. After 24 hours the aggregates 
were taken out of water and placed on a filter paper. Once all the water is drained out, surface 
saturated dry weight of these aggregates was measured. One of the major observations of this 
simple experiment was that the majority of coarse aggregates i.e. #8 size sank in to the water and 
were covered with water all the time during the test. Only few rubber particles which were 
attached to the fibers floated on top as shown in Figure 4.2 below. On the other hand the finer 
rubber aggregates did not get mix in the water. Efforts were made to stir them or push them 
inside the water however they remained on top of the water throughout the test. This shows that 
when mixed in concrete the rubber aggregates are highly hydrophobic and create repulsive forces 
with water molecules. This results in bulging of fresh concrete mix and higher air entrainment in 
it. 
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Figure 4.2: Crumb Rubber Soaked in Water (a) #8 size, (b) #100 size 
 
The hydrophobic nature of crumb rubber influenced the fresh air content of rubber 
concrete mixes. Figure 4.3 through 4.5 shows the fresh air content comparison bar charts for #8, 
#50 and #100 size fractions for specimens with low alkali cement. For coarser rubber size 
fraction i.e. #8 size fraction the air content values were less than 3%. The maximum value was 
found to be 2.75% for 16% replacement level of ambient crumb rubber mix. For #50 size 
fraction, as the replacement level increased the fresh air content increased for ambient rubber 
mixes while for cryogenic crumb rubber mix 16% replacement level showed maximum fresh air 
content of 4%. 
Similarly for #100 size fresh air content increased as the replacement level increased. 
Maximum air content values were obtained for 16% replacement for both types of crumb rubber. 
There was very less difference between 16% and 24% replacement of ambient crumb rubber mix 
while for cryogenic crumb rubber this difference was quite significant. Cryogenic crumb rubber 
mix with 16% replacement had fresh air content value of 4.75% and for 24% replacement level 
recorded value was 3.5%. At all replacement levels ambient crumb rubber mixes had higher air 
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content than respective cryogenic rubber mixes. This difference in fresh air content values of 
finer size ambient and cryogenic crumb rubber is attributed to the difference in surface textures 
of these rubbers as described in previous section. 
Statistical analysis of effect of two types crumb rubber, three size fractions and three 
replacement levels of crumb rubber on fresh air content and unit weight resulted in p-value from 
ANOVA table (0.0406 < 0.05), indicating that the effect of all these parameters on fresh air 
content is significant. Effect tests showed that the type, size and replacement all the three 
variables significantly affects fresh air content and also the unit weight of rubber concrete mixes. 
Detail statistical analysis is included in Appendix C. 
 
 
Figure 4.3: Comparison of Fresh Air Content of #8 Size Crumb Rubber Specimens with Low 
Alkali Cement 
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Figure 4.4: Comparison of Fresh Air Content of #50 Size Crumb Rubber Specimens with Low 
Alkali Cement 
 
 
Figure 4.5: Comparison of Fresh Air Content of #100 Size Crumb Rubber Specimens with Low 
Alkali Cement 
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Effect of alkalinity of cement 
As evident from the results of low alkali cement rubberized concrete specimens, 
performance of #50 and #100 size fractions at 16% and 24% replacement levels was good hence 
similar size and replacement levels were selected to investigate their performance with high 
alkali cement. The results of fresh concrete properties for high alkali cement mixes are shown in 
Table 4.2. The comparison of fresh air content of #50 and #100 size fraction low alkali and high 
alkali cement specimens is shown in Figure 4.6 and Figure 4.7 respectively. It can be observed 
that at 16% replacement level #50 size fraction ambient specimens with low alkali cement had 
higher air content while cryogenic crumb rubber specimens had same amount of air with both 
types of cement. At 24% replacement level, ambient low level cement specimens had higher 
fresh air content as compared to the cryogenic in which high alkali cement specimens had higher 
fresh air content. For #100 size at 16% and 24% replacement levels, ambient crumb rubber, fresh 
air content increased for high alkali specimens with similar trend for cryogenic specimens. Also, 
even at higher alkali levels in cement, ambient crumb rubber had higher air content as compared 
to the cryogenic crumb rubber although the difference was not significant at 24% replacement 
level. 
Past researchers have reported that soluble high alkalies in the cement may influence the 
stability of air bubbles in the plastic concrete and eventually diminish the quantity of small air 
bubbles [Pistilli 1983]. High alkali levels in cement introduces amount of larger air bubbles in 
concrete and affects the air void parameters in hardened concrete. This results in inferior freeze-
thaw durability performance of concrete as reported by Burrows and Smaoui [2005]. However, 
the results of the fresh air content of rubberized concrete with high alkali cement did not show 
any reduction in the fresh air content values instead it showed increase in the fresh air content 
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values of #50-24% cryogenic, and both of  #100-24% ambient and cryogenic rubber concrete 
specimens. In fact the increased alkalinity aided in improving the workability and hence 
improved the fresh air content of rubber concrete. The higher alkalies in the cement also helped 
in stabilizing the small air bubbles in the rubber concrete mixes. 
Statistical analysis of effect of alkalinity of cement showed that none of the factors such 
as type of crumb rubber, size, replacement and cement type are significant with p-value less than 
0.05 for fresh air content response. Since only finer size crumb rubber at higher levels were used 
for preparation of these mixes, a significant effect of these factors on the fresh air content was 
not observed between the values of mixes with low and high alkali cement. 
Table 4.2: Fresh Concrete Properties (High Alkali Cement Mixes) 
 
Rubber Size and 
Replacement 
Level (%) 
 
Ambient Crumb Rubber Cryogenic Crumb Rubber 
Slump 
(mm) 
Fresh Air 
Content 
(%) 
Unit 
Weight 
(kg/m
3
) 
Slump 
(mm) 
Fresh Air 
Content 
(%) 
Unit 
Weight 
(kg/m
3
) 
#50-16% 165 4.75 2284 165 4.00 2292 
#50-24% 165 4.00 2324 178 4.00 2241 
#100-16% 165 5.75 2238 165 4.50 2350 
#100-24% 184 6.75 2209 184 6.50 2254 
Control Concrete 178 1.50 2427 178 1.50 2427 
Air Entrained Concrete 181 4.75 2293 181 4.75 2293 
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Figure 4.6: Comparison of Fresh Air Content of #50 Size Crumb Rubber Specimens with Low 
and High Alkali Cement 
 
 
Figure 4.7: Comparison of Fresh Air Content of #100 Size Crumb Rubber Specimens with Low 
and High Alkali Cement 
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Effect of Addition of RHA 
Fresh concrete properties of rice husk ash specimens are shown in Table 4.3. The bar 
charts for comparison of fresh air contents are displayed in Figures 4.8 and 4.9. The results 
showed that fresh air content values of specimens with rice husk ash obtained were lesser as 
compared to the specimens without it. For both #50 and #100 size fractions with 16% 
replacement level the fresh air content was found to be maximum of 2.5%. The reduction in 
value is due to the porous nature of rice husk ash which absorbs the air and hence the reduction 
in air content. Very high dosage of air entraining admixture was required to obtain the fresh air 
content of more than 5% for air entrained specimens. The alkalinity of cement did not have 
significant effect on the fresh air content of these specimens; air content values of #100-16% 
cryogenic crumb rubber specimens increased when high alkali cement was used. 
In general, the high carbon fly ash or rice husk ash requires higher dosages of air 
entraining admixtures [Gebler and Klieger 1983, Malhotra 1997]. This is mainly due to the 
increased organic matter content and loss on ignition of fly ash or rice husk ash. Also the rate of 
loss of air in plastic concrete increases due to high carbon SCMs. Large fluctuations in the 
volume percentage of air entrainment in concrete are observed which ultimately affect the 
mechanical properties as reported by Freeman et al. [1997]. The air entraining admixtures are 
used to increase the stability of air bubbles in concrete mix, but the high carbon content 
interferes in this action by adsorbing air bubbles, making them ineffective for bubble 
stabilization. Hence the air entrainment is observed to be reduced in the crumb rubber mixes with 
rice husk ash. 
Results of statistical analysis of fresh air content data using RHA shows that size of 
crumb rubber and addition of RHA has significant effect however the type of cement did not 
  61 
have any significant effect as indicated by the p-value. Addition of both types of cement yielded 
similar values of fresh air content in mixes with RHA. 
Table 4.3: Fresh Concrete Properties of Rice Husk Ash Specimens 
 
Rubber Size and Replacement 
Level (%) 
 
Ambient Crumb Rubber 
Slump 
(mm) 
Fresh Air 
Content 
(%) 
Unit Weight 
(kg/m
3
) 
#50-16%_RHA_LA
*
 165 2.50 2342 
#50-16%_RHA_HA
**
 114 1.50 2380 
#100-16%_RHA_LA 152 2.00 2308 
#100-16%_RHA_HA 165 2.50 2327 
CONTROL_RHA_LA 108 1.75 2409 
CONTROL_RHA_HA 159 1.00 2388 
AEC_RHA_LA 108 5.00 2297 
AEC_RHA_HA 140 6.25 2289 
 
Note 5: *LA: Low Alkali Cement and ** HA: High Alkali Cement 
 
 
Figure 4 8: Comparison of Fresh Air Content of Ambient Crumb Rubber Specimens with Low 
Alkali and High Alkali Cement and Rice Husk Ash 
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Figure 4.9: Comparison of Fresh Air Content of Control and Air Entrained Concrete Specimens 
with and without Rice Husk Ash 
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cement depends on the type of polymer, method of polymerization, curing methods etc. When 
mixed in fresh concrete, the polymer particles suspended in latex are dispersed throughout the 
cement paste. As the cement hydration starts, and hydration products starts forming, polymer 
particles deposit on the C-S-H gel and un-hydrated clinker particles. With further progress in the 
hydration process, polymer particles concentrates in the capillary pores and forms a closed 
packed layer on the surface of the gel products. When water further dries out from the concrete, 
closed packed polymer particles coalesce into continuous films or membranes forming a 
monolithic matrix with hydrated cement paste. 
Addition of polymers improves the workability of fresh concrete mix due to dispersed 
polymer particles acting as ball bearings and also act as surfactants and aids in reducing 
segregation. This also helps in reducing water demand and increased slump and improved air 
entrainment into the fresh concrete [Chandra and Ohama 1994, Kardon 1997]. One of the factors 
affecting this process is the type of polymer and polymer-cement ratio. The freeze-thaw 
durability of latex-modified concrete is improved at a polymer-cement ratio of 5% or more due 
to the composite effects of water impermeability and air entrainment [Ohama 1987]. In this study 
the polymer-cement ratio was 3.4% which is lesser than reported in the literature. The Sika-Latex 
emulsion used in this study is an acrylic emulsion with 15% solids as per the product 
specifications. Also the acrylic latex emulsion had very fine solid particles which might have 
affected the air entrainment. This may be the reason the latex modified specimens behaved very 
similar to the non-air entrained concrete and did not entrain sufficient air in the concrete. 
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Table 4.4: Fresh Concrete Properties of Latex Rubber Specimens 
 
Rubber Size and 
Replacement 
Level (%) 
 
Ambient Crumb Rubber 
Slump 
(mm) 
Fresh Air 
Content 
(%) 
Unit Weight 
(kg/m
3
) 
LATEX_LA_10% 165 1.25 2380 
LATEX_HA_10% 165 1.25 2358 
LATEX_LA_20% 57 1.50 2428 
LATEX_HA_20% 83 1.00 2380 
 
 
Figure 4.10: Comparison of Fresh Air Content of Latex Rubber Specimens with Control and Air 
Entrained Concrete Specimens 
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HRWR was added to improve it. Hence this may be a potential factor in increasing some of the 
air entrainment in crumb rubber concrete. To study the effect of addition of super-plasticizers, 
three rubberized concrete mixes were prepared without addition of this admixture. Water/cement 
ratio of these mixes was enhanced to 0.48 to achieve required workability. 
The fresh air content values of crumb rubber specimens without super-plasticizer were 
50% lesser than those prepared with super-plasticizer as shown in Table 4.5 and Figure 4.11. 
Three sets of concrete specimens with 16% replacement level of #50 size ambient and cryogenic 
crumb rubber and 24% replacement level of #100 size ambient crumb rubber were prepared to 
investigate the effect of addition of super-plasticizer on air entrainment of crumb rubber 
concrete. As comparison for fresh air content shows the difference between the two types of 
specimens i.e. with and without super-plasticizer was close to 50%. This is a significant 
difference however this reduction in fresh air content did not affect the freeze-thaw performance 
and hardened air content significantly as discussed in the subsequent sections. The results were 
supported by the results of statistical analysis also. It was indicated that the addition of super-
plasticizer and type of crumb rubber had significant effect on the fresh air content of concrete 
mixes made with and without super-plasticizer as indicated by p-value less than 0.05. 
 
Table 4.5: Fresh Concrete Properties of Crumb Rubber Specimens without Super-
Plasticizer 
 
Rubber Size and Replacement 
Level (%) 
 
Ambient Crumb Rubber 
Slump 
(mm) 
Fresh Air 
Content 
(%) 
Unit Weight 
(kg/m
3
) 
#50-16%_AMB_LA_NO_SP 114 2.75 2292 
#50-16%_CRY_LA_NO_SP 102 1.75 2327 
#100-24%_AMB_LA_NO_SP 102 3.50 2291 
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Figure 4.11: Comparison of Fresh Air Content of Concrete Specimens with and without Super-
Plasticizer 
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16% ambient rubber concrete specimens i.e. 1800 rpm, 2800 rpm and 4800 rpm for 3 min. For 
all the mixes fresh air content and unit weight was determined. The test matrix of specimens 
subjected to different vibration frequencies and vibration times is shown in Table 3.9 in previous 
chapter and the fresh concrete properties results are shown in Table 4.6. 
The results of fresh air content for vibration study are shown in Figures 4.12 through 4.15 
respectively. The fresh air content of #50-16% cryogenic specimens showed that the air content 
decreased with increased vibration time. The trend showed that the air content at 2800 rpm for 3 
min. of vibration resulted in least value of fresh air content as compared to the 1 min. and 5 min. 
vibration time. The fresh air content of #50-16% ambient crumb rubber specimens decreased 
with increase in vibration time. The values of air content were 4%, 2.50% and 3.25% 
respectively for 1 min., 3 min. and 5 min respectively while for different vibration times the 
values were 6.50%, 2.50% and 4.25% for 1800 rpm, 2800 rpm and 4800 rpm respectively. 
The results of statistical analysis also showed that fresh air content was significantly 
affected due to the time of vibration and also type of crumb rubber used (p-value < 0.05), 
however no significant effect due to vibration frequency was observed (p-value > 0.05). 
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Table 4.6: Fresh Concrete Properties of Vibration Study Specimens 
 
Rubber Size and Replacement 
Level (%) 
 
Ambient Crumb Rubber 
Slump 
(mm) 
Fresh Air 
Content 
(%) 
Unit 
Weight 
(kg/m
3
) 
#50-16%_CRY_LA_1min (2800 rpm) 184 3.75 2300 
#50-16%_CRY_LA_3min (2800 rpm) 184 2.25 2297 
#50-16%_CRY_LA_5min (2800 rpm) 184 3.00 2329 
#50-16%_AMB_LA_M1 (1800 rpm) 178 6.50 2217 
#50-16%_AMB_LA_M2 (2800 rpm) 178 2.50 2281 
#50-16%_AMB_LA_M3 (4800 rpm) 178 4.25 2329 
AEC_LA_M1 (1800 rpm) 178 6.00 2255 
AEC_LA_M2 (2800 rpm) 178 4.65 2343 
AEC_LA_M3 (4800 rpm) 178 3.00 2390 
#50-16%_AMB_LA_1min. (2800 rpm) 178 5.50/ 4.00 2281 
#50-16%_AMB_LA_5min (2800 rpm). 178 5.50/ 3.25 2281 
 
 
Figure 4.12: Comparison of Fresh Air Content of Cryogenic Crumb Rubber Concrete Specimens 
with Different Vibration Times 
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Figure 4.13: Comparison of Fresh Air Content of Ambient Crumb Rubber Concrete Specimens 
with Different Vibration Times 
 
 
Figure 4.14: Comparison of Fresh Air Content of Ambient Crumb Rubber Concrete Specimens 
with Different Vibration Frequencies 
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Figure 4.15: Comparison of Fresh and Hardened Air Content of Air Entrained Concrete at 
Different Vibration Frequency 
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compared to the control concrete. Similarly for #50 size average decrease was found to be 14.3% 
for 24% replacement level. However for #100 size fractions, 16% replacement level showed 
maximum decrease in unit weight of an average of 16% followed by 12.3% at 24% replacement 
level in comparison to control concrete. There was not much difference between the unit weights 
of ambient and cryogenic crumb rubber. 
 
 
Figure 4.16: Comparison of Unit Weight of #8 Size Crumb Rubber Specimens with Low Alkali 
Cement 
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Figure 4.17: Comparison of Unit Weight of #50 Size Crumb Rubber Specimens with Low Alkali 
Cement 
 
 
Figure 4.18: Comparison of Unit Weight of #100 Size Crumb Rubber Specimens with Low Alkali 
Cement 
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Effect of Alkalinity of Cement 
Unit weight results of high alkali cement specimens for # 50 and #100 size crumb rubber 
are shown in Figure 4.19 and Figure 4.20 respectively. Results showed that the unit weight of all 
the specimens with both # 50 and #100 size crumb rubber were higher as compared to the 
corresponding specimens with low alkali cement. The decrease in the unit weight of rubberized 
concrete as compared to the control concrete is shown in Figure 4.21. For all the specimens 
cryogenic crumb rubber mixes had higher unit weights as compared to the corresponding 
ambient crumb rubber mixes indicating higher air entrainment due to ambient crumb rubber. 
 
 
Figure 4.19: Comparison of Unit Weight of #50 Size Crumb Rubber Specimens with Low and 
High Alkali Cement 
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Figure 4.20: Comparison of Unit Weight of #100 Size Crumb Rubber Specimens with Low and 
High Alkali Cement 
 
 
Figure 4.21: Decrease in Unit Weight of Rubberized Concrete 
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Effect of Addition of RHA 
Figure 4.22 shows the bar chart for comparison between the unit weights of crumb rubber 
specimens with control and air entrained concrete using rice husk ash for both types of cement. It 
was observed that the decrease in unit weight for #100 crumb rubber size fractions was more 
than #50 size fractions while comparing with control concrete for both types of cement. However 
unit weights of both crumb rubber specimens were higher than air entrained concretes with both 
low and high alkali cement. Figure 4.23 shows the comparison of unit weights of the control and 
air entrained concrete with and without rice husk ash. As expected the unit weights of specimens 
with rice husk ash were lesser than those without it with the exception of air entrained concrete 
with rice husk ash and low alkali cement. The unit weight of air entrained concrete with low 
alkali cement and rice husk ash was slightly lower than similar specimens with high alkali 
cement. 
Effect of Latex Emulsion 
Latex emulsion specimens with 10% replacement level had lesser unit weights than the 
20% replacement level as compared to the control concrete. Similar trend was observed for both 
low and high alkali cements (Figure 4.24). This may be due to the increase in amount of total 
solids in 20% replacement level as compared to the 10% replacement level available in Latex 
emulsions. Unit weights of the latex modified specimens were found to be lesser than the control 
concrete. 
The comparison of unit weights as shown in Figure 4.25 clearly indicates that the 
specimens with super-plasticizer had lower unit weights and higher fresh air content as compared 
to those without super-plasticizer. The difference in unit weight was found to be 3% for #50 size 
fractions while for #100 size fraction it was 5%. The unit weight results were in compliance with 
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the fresh air content i.e. more the air content lesser is the unit weight and vice a versa. Figures 
4.26 to 4.28 shows the unit weights of vibration study specimens. 
 
 
Figure 4 22: Comparison of Unit Weight of Ambient Crumb Rubber Specimens with and without 
Rice Husk Ash 
 
 
Figure 4.23: Comparison of Unit Weight of Control and Air Entrained Concrete Specimens with 
and without Rice Husk Ash 
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Figure 4.24: Comparison of Unit Weight of Latex Rubber Specimens with Control and Air 
Entrained Concrete Specimens 
 
 
Figure 4.25: Comparison of Unit Weight of Concrete Specimens with and without Super-
Plasticizer 
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Figure 4.26: Comparison of Unit Weight of #50-16%_Cryogenic Concrete Specimens with 
Different Vibration Times 
 
 
Figure 4 27: Comparison of Unit Weight of #50-16%_Ambient Concrete Specimens with 
Different Vibration Times and Frequency 
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Figure 4.28: Comparison of Unit Weight of Air Entrained Concrete Specimens with Different 
Vibration Frequency 
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strength. Li et al. [1998] presented that the soft rubber aggregates act as the stress concentrators 
in concrete and develops micro-cracks on loading. With the increasing compressive loads they 
act as voids invariably reducing compressive strengths. It was reported by Ali [1993] and Fattuhi 
and Clark [1996] that compressive strength may be increased due to pre-treatment of crumb 
rubber aggregates with NaOH or many other surface modification techniques as discussed in the 
literature review. 
The bar charts displaying the reduction in compressive strength at 7 and 28 days of 
curing age as compared to the control concrete are shown in Figures 4.29 through 4.34 
respectively. At 28 days, the compressive strength of ambient rubberized concrete at 8% 
replacement level was found to be higher than corresponding cryogenic rubberized concrete 
specimens. The compressive strength of #8-8%, #50-8% and #100-8% ambient rubberized 
concrete was 68%, 72% and 67% respectively as compared to the control concrete, while for air-
entrained concrete it was 54% of the control concrete. Similarly compressive strength values for 
cryogenic rubberized concrete #8-8%, #50-8% and #100-8% were 59%, 61% and 64% 
respectively as compared to the control concrete. At 16% replacement level, only #8-16% 
ambient rubberized concrete specimens had compressive strength 63% as compared to the 
control concrete, while it was less than 60% of control concrete strength for all the remaining 
ambient and cryogenic rubberized concrete specimens. At 24% replacement level, the 
compressive strength of #8-24% ambient rubberized concrete specimens was 57% of the control 
concrete, while it was less than 50% of control strength for all the remaining samples with 
smaller rubber sizes.  
Based on these compressive strength values it can be concluded that concrete containing 
cryogenic rubber had higher strength because of lower air content compared to concrete with 
  81 
ambient crumb rubber. The only exception to this trend was in the case of concrete containing 
rubber particles of #50 size at 16% replacement level. Hence there is a significant reduction in 
compressive strength due to addition of crumb rubber particles in the portland cement concrete. 
However, the difference in strengths of specimens at a specific replacement level and rubber size 
was not very significant. 
Statistical analysis due to the effect of two types of crumb rubber, three replacement 
levels and three size fractions was carried out. P-value in ANOVA table indicated that there is a 
significant difference in the mean values of different variables. p-values obtained from the 
analysis indicate significant effect of type, size, replacement and days on compressive strength 
data as seen from Effect Tests. Also, the two way interactions between Type*Size, 
Type*Replacement, Type*Days, Size*Replacement and Size*Days are significant indicating 
their effect on these properties. 
 
Table 4.7: Average Compressive Strength of Rubberized Concrete for #8 size with Low 
Alkali Cement 
 
Age, days 
Compressive Strength, MPa (psi) 
Ambient Crumb Rubber Cryogenic Crumb Rubber 
8% 16% 24% 8% 16% 24% 
3 
29.5 
(4277) 
26.1 
(3795) 
23.9 
(3471) 
25.9 
(3572) 
22.1 
(3216) 
23.5 
(3413) 
7 
35.4 
(5136) 
37.8 
(5488) 
29.7 
(4303) 
30.3 
(4393) 
25.8 
(3753) 
25.7 
(3725) 
14 
39.2 
(5696) 
38.6 
(5596) 
37.1 
(5384) 
33.7 
(4888) 
27.6 
(4000) 
30.0 
4353 
28 
43.9 
(6370) 
41.0 
(5948) 
37.1 
(5384) 
38.0 
(5517) 
32.6 
(4737) 
30.0 
(4353) 
56 
44.5 
(6460) 
45.5 
(6609) 
37.1 
(5386) 
41.4 
(6000) 
33.7 
(4894) 
32.3 
(4693) 
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Table 4.8: Average Compressive Strength of Rubberized Concrete for #50 size with Low 
Alkali Cement 
 
Age, days 
Compressive Strength, MPa (psi) 
Ambient Crumb Rubber Cryogenic Crumb Rubber 
8% 16% 24% 8% 16% 24% 
3 
35.7 
(5185) 
25.7 
(3734) 
15.8 
(2289) 
30.5 
(4428) 
28.1 
(4081) 
22.8 
(3305) 
7 
39.0 
(5656) 
32.5 
(4715) 
21.0 
(3049) 
35.1 
(5094) 
29.5 
(4285) 
27.0 
(3918) 
14 
44.9 
(6523) 
33.7 
(4896) 
26.1 
(3786) 
37.0 
(5371) 
32.4 
(4706) 
29.2 
(4238) 
28 
46.2 
(6707) 
36.8 
(5343) 
27.0 
(3915) 
39.5 
(5734) 
32.4 
(4709) 
30.8 
(4471) 
56 
47.4 
(6872) 
40.3 
(5843) 
29.1 
(4232) 
45.3 
(6569) 
39.8 
(5765) 
34.8 
(5042) 
 
Table 4.9: Average Compressive Strength of Rubberized Concrete for #100 size with Low 
Alkali Cement 
 
Age, days 
Compressive Strength, MPa (psi) 
Ambient Crumb Rubber Cryogenic Crumb Rubber 
8% 16% 24% 8% 16% 24% 
3 
31.2 
(4527) 
20.6 
(2993) 
20.5 
(2975) 
33.2 
(4812) 
26.0 
(3781) 
22.9 
(3330) 
7 
35.9 
(5203) 
24.7 
(3577) 
22.3 
(3230) 
35.7 
(5175) 
29.9 
(4330) 
26.2 
(3801) 
14 
40.1 
(5820) 
24.7 
(3584) 
23.0 
(3347) 
37.0 
(5380) 
35.1 
(5101) 
28.9 
(4198) 
28 
43.5 
(6313) 
28.9 
(4194) 
24.7 
(3583) 
41.4 
(5999) 
36.1 
(5245) 
30.4 
(4417) 
56 
43.6 
(6329) 
30.1 
(4367) 
26.1 
(3785) 
43.5 
(6306) 
38.8 
(5621) 
33.7 
(4888) 
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Table 4.10: Average Compressive Strength of Control Concrete and Air Entrained 
Concrete with Low Alkali Cement 
 
 
Age, days 
Average Compressive Strength, MPa (psi) 
Control Concrete Air Entrained Concrete 
3 53.0 (7695) 24.6 (3574) 
7 55.4 (8029) 28.4 (4123) 
14 61.2 (8877) 32.0 (4650) 
28 64.6 (9369) 34.9 (5063) 
 
 
Figure 4.29: Average Compressive Strength of Ambient and Cryogenic Crumb Rubberized 
Concrete with 8% Replacement Level at an Age of 7 Days 
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Figure 4.30: Average Compressive Strength of Ambient and Cryogenic Crumb Rubberized 
Concrete with 16% Replacement Level at an Age of 7 Days 
 
 
Figure 4.31: Average Compressive Strength of Ambient and Cryogenic Crumb Rubberized 
Concrete with 24% Replacement Level at an Age of 7 Days 
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Figure 4.32: Average Compressive Strength of Ambient and Cryogenic Crumb Rubberized 
Concrete with 8% Replacement Level at an Age of 28 Days 
 
 
Figure 4.33: Average Compressive Strength of Ambient and Cryogenic Crumb Rubberized 
Concrete with 16% Replacement Level at an Age of 28 Days 
 
68% 
59% 
72% 
61% 
67% 
64% 
100% 
54% 
0
10
20
30
40
50
60
70
#8-8%
(AMB)
#8-8%
(CRY)
#50-8%
(AMB)
#50-8%
(CRY)
#100-8%
(AMB)
#100-8%
(CRY)
Control
Concrete
Air
Entrained
Concrete
C
o
m
p
re
ss
iv
e 
S
tr
en
g
th
 (
M
P
a
) 
Type of Concrete 
63% 
51% 
57% 
50% 
45% 
56% 
100% 
54% 
0
10
20
30
40
50
60
70
#8-16%
(AMB)
#8-16%
(CRY)
#50-16%
(AMB)
#50-16%
(CRY)
#100-16%
(AMB)
#100-16%
(CRY)
Control
Concrete
Air
Entrained
Concrete
C
o
m
p
re
ss
iv
e 
S
tr
en
g
th
 (
M
P
a
) 
Type of Concrete 
  86 
 
Figure 4.34: Average Compressive Strength of ambient and Cryogenic Crumb Rubberized 
Concrete with 24% Replacement Level at an Age of 28 Days 
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entrained concrete however had higher early strength for high alkali cement specimens as 
compared to low alkali cement. 
At 28 days compressive strength of #50 size fraction rubber concrete with 16% and 24% 
replacement level with low alkali cement and #100 size fraction with 24% replacement level had 
higher strength as compared to the high alkali cement for both ambient and cryogenic crumb 
rubber types. However for 16% replacement high alkali cement concrete showed slightly higher 
compressive strength as compared to low alkali cement concrete specimens. Compressive 
strength of air entrained concrete with high alkali cement at both curing ages was higher than 
low alkali cement. 
Overall, for #50 size fraction for both types of crumb rubber and replacement levels, 
compressive strength of high alkali cement specimens was less than low alkali cement at both 7 
and 28 days. Only for #100-16% ambient and cryogenic crumb rubber specimens the strength of 
high alkali cement specimens was slightly higher than low alkali cement specimens. The 
statistical analysis also showed that the alkalinity of cement did not affect the 7 days or 28 days 
strength significantly. 
Table 4.11: Average Compressive Strength of Rubberized Concrete with High Alkali 
Cement 
 
Rubber size (#) Age (days) 
Compressive Strength MPa (psi) 
Ambient Rubber 
Replacement 
Cryogenic Rubber 
Replacement 
16% 24% 16% 24% 
#50 
7 25.8 (3741) 19.7 (2854) 26.7 (3868) 21.4 (3101) 
28 32.5 (4709) 25.0 (3624) 31.8 (4613) 24.5 (3551) 
#100 
7 25.7 (3733) 20.8 (3010) 30.9 (4480) 23.9 (3462) 
28 38.2 (5542) 23.2 (3374) 36.9 (5355) 26.2 (3801) 
Control Concrete 
7 37.3 (5412) 
28 44.7 (6484) 
Air Entrained 
Concrete 
7 36.2 (5255) 
28 38.2 (5546) 
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Figure 4.35: Comparison of Compressive Strength for #50 Size with Low Alkali and High Alkali 
Cement at Age of 7 Days 
 
 
 
Figure 4.36: Comparison of Compressive Strength for #100 Size with Low Alkali and High 
Alkali Cement at Age of 7 Days 
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Figure 4.37: Comparison of Compressive Strength for #50 Size with Low Alkali and High Alkali 
Cement at Age of 28 Days 
 
 
Figure 4.38: Comparison of Compressive Strength for #100 Size with Low Alkali and High 
Alkali Cement at Age of 28 Days 
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Effect of Addition of RHA 
The values of compressive strength for 7 and 28 days curing ages of finer size crumb 
rubberized concrete with rice husk ash for both low and high alkali cement are shown in Table 
4.12. The comparison of these compressive strengths is shown in Figure 4.39 through 4.41. At 7 
days #50-16% specimens with high alkali cement had slightly higher compressive strength as 
compared to the specimens with high alkali cement. For #100-16% specimens with low alkali 
cement had higher strength as compared to those with high alkali cement. Control concrete with 
rice husk ash and high alkali cement showed higher compressive strength as compared to the low 
alkali rice husk ash specimens. On the other hand air entrained concrete with rice husk ash and 
low alkali cement specimens had higher 7 days compressive strength as compared to those with 
high alkali cement. 
At 28 days all the specimens i.e. #50-16%, #100-16% and AEC-RHA with low alkali 
cement had higher compressive strength in comparison to the similar specimens with high alkali 
cement. Control RHA specimens with high alkali cement however displayed higher strength as 
compared to the low alkali cement concrete specimens. Usually the partial replacement of rice 
husk ash in the concrete improves the compressive strength of concrete more due to the filler 
effect than the pozzolanic reaction. In this investigation however control concrete with 10% 
replacement level exhibited only 70% compressive strength as compared to the concrete without 
rice husk ash. As per the statistical analysis, addition of RHA did not affect the compressive 
strength at 28 days significantly. 
 
 
 
  91 
Table 4.12: Average Compressive Strength of Rubberized Concrete with Rice Husk Ash 
 
Type of Concrete 
Specimens 
Age 
(days) 
Compressive Strength, MPa (psi) 
#50_RHA_LA 
7 31.9 (4627) 
28 43.3 (6281) 
#50_RHA_HA 
7 33.6 (4875) 
28 40.0 (5812) 
#100_RHA_LA 
7 35.9 (5208) 
28 45.1 (6548) 
#100_RHA_HA 
7 31.3 (4544) 
28 31.7 (4604) 
CONTROL_RHA_LA 
7 38.4 (5576) 
28 50.0 (7264) 
CONTROL_RHA_HA 
7 34.4 (4997) 
28 43.1 (6256) 
AEC_RHA_LA 
7 33.7 (4885) 
28 41.3 (5991) 
AEC_RHA_HA 
7 30.9 (4489) 
28 37.5 (5433) 
 
 
Figure 4.39: Comparison of Compressive Strength for Rice Husk Ash Specimens with Low Alkali 
and High Alkali Cement at Age of 7 Days 
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Figure 4.40: Comparison of Compressive Strength for Rice Husk Ash Specimens with Low Alkali 
and High Alkali Cement at Age of 28 Days 
 
 
 
Figure 4.41: Comparison of Compressive Strength for Rubber Concrete Specimens with and 
without Rice Husk Ash at Age of 28 Days 
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Effect of Latex Emulsion 
The values of compressive strength for 7 and 28 days curing ages of Latex emulsion 
rubber concrete for both low and high alkali cement are shown in Table 4.13. The comparison of 
these compressive strengths is shown in Figure 4.42 and 4.43. For Latex emulsion specimens 
with 10% replacement level at both 7 and 28 days with low alkali cement had higher 
compressive strength as compared to the specimens with high alkali cement. On the other hand 
Latex emulsion specimens with 20% replacement level with high alkali cement had higher 
compressive strength at both 7 and 28 days of curing. In general, latex modified concrete shows 
improved tensile and flexural strengths but not significant increase in compressive strength. 
 
Table 4.13: Average Compressive Strength of Rubberized Concrete with Latex Emulsion 
 
Rubber size and 
replacement level 
Age (days) Compressive strength MPa (psi) 
LATEX_LA_10% 
7 35.8 (5197) 
28 50.2 (7284) 
LATEX_HA_10% 
7 30.7 (4457) 
28 43.8 (6354) 
LATEX_LA_20% 
7 29.6 (4292) 
28 44.0 (6393) 
LATEX_HA_20% 
7 27.4 (3974) 
28 37.7 (5465) 
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Figure 4.42: Comparison of Compressive Strength for Latex Rubber Emulsion Specimens at Age 
of 7 Days 
 
 
Figure 4.43: Comparison of Compressive Strength for Latex Rubber Emulsion Specimens at Age 
of 28 Days 
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Effect of Addition of Crumb Rubber to Concrete Mixes without HRWR 
The values of compressive strength for 28 days curing age of crumb rubber concrete for 
#50 ambient and cryogenic and #100 size ambient with low alkali cement are shown in Table 
4.14. The comparison of these compressive strengths is shown in Figure 4.44. Addition of super-
plasticizer is known to improve the compressive strength of concrete. However, with the 
inclusion of rubber aggregates it does not seem to have much effect on the strengths. For #50-
16% ambient rubber specimens 28 days compressive strength was slightly higher than those 
without super-plasticizer. For #50-16% cryogenic specimens however specimens without super-
plasticizer had 5% higher strength than with super-plasticizer. #100-24% specimens did not have 
any effect of addition of super-plasticizer. Both types of specimen showed similar compressive 
strength values at 28 days. A 28 days compressive strength of specimens for vibration study is 
presented in Table 4.15 and the bar charts are displayed in Figures 4.45 through 4.47. 
While testing specimens in compressive strength test, it was observed that concrete 
containing rubber failed gradually mostly in shearing mode without making any noise, unlike 
concrete without rubber displaying. This is due to the ability of the crumb rubber concrete to 
display increased strain capacity at failure and hence more energy absorbent concrete mix 
[Kaloush 2005]. The failure mode of rubberized concrete is shown in Figure 4.48 while the 
brittle failure of control concrete and air entrained concrete is shown Figure 4.49. 
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Figure 4.44: Comparison of 28 Days Compressive Strength for Crumb Rubber Concrete 
Specimens with and without Super-Plasticizer 
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indicated in the fresh air content results. Results of ambient crumb rubber concrete specimens 
vibrated at constant frequency but different vibration times showed that the specimens vibrated 
for 5 min. had higher compressive strength at 28 days as compared to those vibrated at 30 sec., 1 
min. or 3 min. Similarly the specimens vibrated at different vibration frequency showed gradual 
increase in compressive strength with increasing vibration frequency. The results were supported 
by the statistical analysis, indicating that vibration time has significant effect on the compressive 
strength while vibration frequency doesn’t. 
 
Table 4.15: Average Compressive Strength of Vibration Study Specimens 
 
Type of Concrete Specimens 
28 Days Compressive Strength 
MPa (psi) 
#50-16%_CRY_LA_1 min. (2800 rpm) 39.1 (5671) 
#50-16%_CRY_LA_3 min. (2800 rpm) 35.3 (5120) 
#50-16%_CRY_LA_5 min. (2800 rpm) 40.9 (5939) 
#50-16%_AMB_LA_1min. (2800 rpm) 37.7 (5462) 
#50-16%_AMB_LA_5min (2800 rpm). 44.0 (6378) 
#50-16%_AMB_LA_3 min. (1800 rpm) 29.7 (4305) 
#50-16%_AMB_LA_3 min. (2800 rpm) 37.3 (5422) 
#50-16%_AMB_LA_3 min. (4800 rpm) 42.4 (6145) 
AEC_LA_3 min. (1800 rpm) 32.4 (4698) 
AEC_LA_3 min. (2800 rpm) 40.0 (5807) 
AEC_LA_3 min. (4800 rpm) 42.2 (6124) 
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Figure 4.45: Comparison of Compressive Strength of #50-16% Cryogenic Rubberized Concrete 
Specimens with Low Alkali Cement at 28 Days for Various Vibration Times 
 
 
Figure 4.46: Comparison of Compressive Strength of #50-16% Ambient Rubberized Concrete 
Specimens with Low Alkali Cement at 28 Days for Various Vibration Times and Frequencies 
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Figure 4.47: Compressive Strength of Air Entrained Concrete with Low Alkali Cement at 28 
Days 
  
 
 
Figure 4.48: Failure Mode of Rubberized Concrete 
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Figure 4.49: Failure Mode of Control Concrete and Air Entrained Concrete 
 
Freezing and Thawing 
 
Freezing and thawing (F-T) test results are presented in the following sections for both 
ambient and cryogenic type of crumb rubber. At first the results of specimens with low alkali 
cement are presented followed by the effect of high alkali cement and other parameters. Major 
parameters recorded were length-change, weight change and the dynamic modulus of elasticity 
after every 30 cycles. When concrete specimens are exposed to F-T cycles, due to the cyclic 
formation and melting of ice takes place. When the water is converted to ice, it expands by 9% of 
its original volume and hence when the saturated concrete which is exposed to freeze-thaw 
cycles should have provision to accommodate this expansion. Air voids in the concrete helps in 
minimizing these expansive stresses by accommodating the excess water released during the 
freezing cycle. But when the expansion goes beyond 9% after complete saturation of the 
specimen the air voids cannot accommodate the stresses any further. This cyclic pressure starts 
causing the micro-cracking in concrete and propagates further with the number of increasing 
cycles. Length change is based on the fact that internal damage is accompanied by expansion due 
to cyclic F-T. Mass loss often occurs without accompanying length change. Resonant frequency 
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and expansion reflect internal disruptions due to unsound aggregates or inadequate air-void 
characteristics. Mass loss is usually due to surface mortar deterioration. Weight change indicates 
the loss of surface layer of concrete due to scaling. A more severe scaling may result in loss of 
surface mortar layer completely and exposing the aggregates. Resistance to F-T requires a low 
w/c ratio an adequate volume of entrained air with the proper void distribution and 
characteristics and exposures that reduce the opportunity for critical saturation. 
It is assumed that most of the damages occur due to 9% volume expansion due to 
conversion of water to ice [Lamond and Pielert, 1996]. The flow of water displaces the water 
away from the region of freezing and damaging stresses are produced. When the flow path 
exceeds critical length, pressure exceeds the critical saturation point. Since the resistance to flow 
at a given rate is proportional to the length of the flow path, air bubbles act as spaces into which 
excess water produced by freezing could be expelled without generating destructive pressures. 
As the water freezes, the solution in the pore becomes more concentrated. The existence of 
solutions of various concentrations in the pores of the paste causes movement of unfrozen water 
towards freezing points. This helps in lowering the concentrations at freezing points which is 
higher than at unfrozen places where it is more dilute. This difference results in generation of 
osmotic pressures. 
Length Change (%) 
As per ASTM C666 expansion value of 0.1% is considered as a limiting value. Firstly the 
results of crumb rubber specimens with low alkali cement are discussed followed by other 
parameters. The length change results for 8% replacement with ambient crumb rubber showed 
that for all the three different sizes, expansion values were less than 0.1% and slightly increased 
for #50-8% specimen after 210 F-T cycles Figure 4.50. Control concrete showed consistent 
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increase in expansion up to 210 cycles and failed after that. For cryogenic rubber, as the number 
of F-T cycles increased, samples with all the three sizes i.e. #8, #50 and #100 showed significant 
expansion Figure 4.51. #8-8% specimens showed maximum expansion and showed severe 
cracking before failure at just 90 F-T cycles. The data for length expansion for individual 
samples for each F-T cycles is included in Appendix E. 
 
 
Figure 4.50: Effect of F-T Cycles on Length Change of Ambient Rubberized Concrete with 8% 
Replacement Level 
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Figure 4.51: Effect of F-T Cycles on Length Change of Cryogenic Rubberized Concrete with 8% 
Replacement Level 
 
The expansion results for 16% replacement level with ambient rubber also showed very 
less expansion values. The values of all #8, #50 and #100 and also air entrained concrete were 
very close to 0.1% with the exception of #8-16% specimen which exceeded 0.1% after 240 F-T 
cycles. The cryogenic rubber specimen #8-16% however showed very high expansion before 
failure at 120 cycles. #50-16% cryogenic samples showed very less expansion values while 
#100-16% cryogenic samples showed consistent increase in expansion up to 300 F-T cycles 
Figure 4.53. 
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Figure 4.52: Effect of F-T Cycles on Length Change of Ambient Rubberized Concrete with 16% 
Replacement Level 
 
 
Figure 4.53: Effect of F-T Cycles on Length Change of Cryogenic Rubberized Concrete with 
16% Replacement Level 
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#8-24% ambient crumb rubber showed expansion values higher than 0.1% after 90 F-T 
cycles and went on increasing and finally failed at 210 F-T cycles (Figure 4.54). The expansion 
values of #50 and #100 and also air entrained concrete were very less and remained within the 
limits of 0.1%. #8-24% and #100-24% cryogenic samples failed at very early stage Figure 4.55. 
#50-24% cryogenic specimens however performed really well at par with the air entrained 
samples. 
The reason of abrupt failure of #100-24% was attributed to the floating of finer rubber 
particles on the top of the sample during consolidation. This created a layer of mortar with soft 
rubber particles of few centimeters at the top of the sample. Due to this just after 60 F-T cycles 
the complete top layer was dislodged from the remaining sample and hence the sample showed 
severe cracking and damage. This unusual behavior of #100-24% specimens was also not 
understood completely. 
 
 
Figure 4.54: Effect of F-T Cycles on Length Change of Ambient Rubberized Concrete with 24% 
Replacement Level 
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Figure 4.55: Effect of F-T Cycles on Length Change of Cryogenic Rubberized Concrete with 
24% Replacement Level 
 
Weight Change (grams) 
Weight change was measured for all the samples with both cryogenic and ambient rubber 
at surface saturated dry condition. The samples were taken out of the F-T containers, surface was 
patted dry with the towel and the readings were taken. There is no weight change limit specified 
in ASTM C666, however for this study, 20 grams of weight gain or loss was considered as a 
limiting value. Weight loss in the samples was observed in the form of surface scaling. Ambient 
rubber of all rubber sizes i.e. #8, #50 and #100 at 8% replacement level showed weight change 
within the limits i.e. 20 grams (Figure 4.56). Control concrete did not show any reduction in 
mass instead showed consistent mass gain but air entrained concrete showed considerable 
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Cryogenic rubber only #50-8% showed weight change less than 20 grams. #8-8% showed high 
weight gain while #100-8% showed severe mass loss in the form of scaling (Figure 4.57). 
All ambient rubber samples at 16% replacement level had weight change within the 
limits of 20 grams (Figure 4.58). For cryogenic samples, #8-16% had some mass loss then some 
mass gain and sample ultimately failed in 90 F-T cycles (Figure 4.59). #50-16% had weight 
change less than 20 grams throughout all the 210 F-T cycles, and #100-16% had mass gain less 
than 20 grams but showed severe scaling after 240 F-T cycles. 
All the ambient rubber at 24% replacement also had weight change within 20 grams 
limits (Figure 4.60). #8-24% and #100-24% cryogenic rubber samples failed at 90 F-T while 
#50-24% showed exceeded mass loss of 20 grams after 240 F-T cycles (Figure 4.61). The data 
for weight change for individual samples for each F-T cycles is included in Appendix E.  
 
Figure 4.56: Effect of F-T Cycles on Weight change of Ambient Rubberized Concrete with 8% 
Replacement Level 
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Figure 4.57: Effect of F-T Cycles on Weight Change of Cryogenic Rubberized Concrete with 8% 
Replacement Level 
 
 
Figure 4.58: Effect of F-T Cycles on Weight Change on Ambient Rubberized Concrete with 16% 
Replacement Level 
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Figure 4.59: Effect of F-T Cycles on Weight Loss of Cryogenic Rubberized Concrete with 16% 
Replacement Level 
 
 
Figure 4.60: Effect of F-T Cycles on Weight Change of Ambient Rubberized Concrete with 24% 
Replacement Level 
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Figure 4.61: Effect of F-T Cycles on Weight Change of Cryogenic Rubberized Concrete with 
24% Replacement Level 
 
Dynamic Modulus (%) 
The dynamic modulus of elasticity was calculated for the rubberized concrete samples at 
the end of every 30 cycles. This is the major parameter to detect the damages in the concrete 
samples due to F-T cycles. If the concrete is not well air entrained then the micro-cracks starts 
forming and goes on increasing with increase in number of F-T cycles. Deterioration of 
specimens is determined by the resonant frequency method as per ASTM C215. The 
fundamental frequency is determined by the equation given below. The specimen is placed on 
the thin supports, and an accelerometer is attached to one end of the beam in the form of a test 
probe. Using a light impact hammer, the beam is tapped at its opposite end, and the time domain 
response data (impulse versus time and response versus time) are recorded using appropriate 
equipment. Figures 4.62 and 4.63 are examples of time domain impulse and response data, 
respectively. The Micro-cracks increase damping in the beam, thereby reducing the vibration 
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amplitude and flattening the frequency response curve (Figure 4.64). Cracking also causes the 
resonant frequency to decrease, waves take longer to travel through the concrete when it contains 
cracks. 
   (
  
 
  
 )      
Where, Pc = relative dynamic modulus of elasticity, after c cycles of freezing and thawing (%), 
n = fundamental transverse frequency at 0 cycles of freezing and thawing, and n1 = fundamental 
transverse frequency after c cycles of freezing and thawing. 
 
Figure 4.62: Time domain impulse wave (Tanesi and Meininger, 2006) 
 
Figure 4.63: Time domain response (Tanesi and Meininger, 2006) 
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Figure 4.64: Frequency response curve (Tanesi and Meininger, 2006) 
 
As per ASTM C666, if the dynamic modulus of specimen falls below 60% of its original 
value the test should be stopped. In this study however, the test was continued until the sample 
failed completely to observe the final failure mode crumb rubber concrete at maximum possible 
F-T cycles. Relative dynamic modulus of elasticity for ambient rubber #8-8% dropped below 
60% after 240 F-T cycles while for #50-8% it dropped after 180 F-T cycles. For control concrete 
it dropped below 60% only after 60 F-T cycles while for air entrained concrete it remained close 
to 80% after 300 F-T cycles. For #100-8% Ambient rubber samples dynamic modulus showed 
very less reduction and values remained in the range of 100% to 80% up to all 300 F-T cycles 
(Figure 4.65). 
Cryogenic samples for all the three sizes however did not perform very well and values 
dropped below 60% at quite early ages as shown in Figure 4.66. For ambient rubber, relative 
dynamic modulus of #8-16% samples dropped below 60% after 240 F-T cycles while #50-16% 
and #100-16% and showed good performance with final values close to 80% at the end of 300 F-
T cycles (Figure 4.67). Cryogenic rubber specimens #8-16% failed very early. For #50-16% 
dynamic modulus was higher than 100 up to 120 cycles and then decreased and remained close 
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to 95% after 240 F-T cycles. Relative dynamic modulus of #100-16% dropped below 60% after 
150 F-T cycles (Figure 4.68). 
For 24% replacement level ambient rubber #8-24% failed after 60 F-T cycles (Figure 
4.69). The relative dynamic modulus of #50-24% samples was between 80 to 100% and for 
#100-24% it was in the range of 80 to 60% after 300 F-T cycles. #8-24% and #100-24% failed 
early while #50-24% had more than 100% relative dynamic modulus up to 150 F-T cycles and 
then dropped to 95% after 270 F-T cycles (Figure 4.70). The data for dynamic modulus of 
elasticity for individual samples for each F-T cycles is included in Appendix E. 
 
 
Figure 4.65: Effect of F-T Cycles on Relative Dynamic Modulus of Elasticity of Ambient 
Rubberized Concrete with 8% Replacement Level 
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Figure 4.66: Effect of F-T Cycles on Relative Dynamic Modulus of Elasticity of Cryogenic 
Rubberized Concrete with 8% Replacement Level 
 
 
Figure 4.67: Effect of F-T Cycles on Relative Dynamic Modulus of Elasticity on Ambient 
Rubberized Concrete with 16% Replacement Level 
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Figure 4.68: Effect of F-T Cycles on Relative Dynamic Modulus of Elasticity on Cryogenic 
Rubberized Concrete with 16% Replacement Level 
 
 
 
Figure 4.69: Effect of F-T Cycles on Relative Dynamic Modulus of Elasticity on Ambient 
Rubberized Concrete with 24% Replacement Level 
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Figure 4.70: Effect of F-T Cycles on Relative Dynamic Modulus of Elasticity of Cryogenic 
Rubberized Concrete with 24% Replacement Level 
 
The results of F-T testing of rubberized concrete with low alkali cement are summarized 
in the tables below. As per ASTM C666, expansion of specimens beyond 0.10% is an indication 
of damage and failure. Table 4 indicates the number of F-T cycles that concrete with different 
rubber dosages and sizes sustained after which expansion exceeded 0.1%. The code does not 
recommend any limiting value for mass loss however, in this study a change in weight exceeding 
20 grams (either due to mass loss or mass gain) was considered to represent significant change. 
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C666 recommends limiting value for relative dynamic modulus 60% of original dynamic 
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coarser rubber particles. However, the coarser ambient rubber particles performed much better 
than similarly sized cryogenic rubber particles. Among finer sizes, the performance of concrete 
containing #50 size crumb rubber particles was better than the corresponding specimens with 
#100 size particles. Even if the fresh air content of #100-16% and #100-24% cryogenic 
specimens was 4.75% and 3.50%, their F-T performance was not satisfactory. #100-16% showed 
gradual expansion after 120 F-T cycles and also dynamic modulus dropped below 60% only after 
150 F-T cycles. This is attributed to unusual behavior of this type and size of rubber. It was 
observed from the results of statistical analysis that type of rubber and size of the crumb rubber 
has significant effect on the relative dynamic modulus with p-value less than 0.05. 
 
Table 4.16: Summary of Length Change Results for F-T Specimens with Low Alkali 
Cement 
 
Rubber size 
No. of F-T Cycles at which expansion exceeded 0.1% 
Ambient Rubber Dosage Cryogenic Rubber Dosage 
8% 16% 24% 8% 16% 24% 
#8 240 240 90 60 30 30 
#50 240 300 300 60 240 270 
#100 240 300 210 60 120 30 
Control concrete 60 
Air entrained concrete 300 
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Table 4.17: Summary of Weight Change Results for F-T Specimens with Low Alkali 
Cement 
 
 
Rubber Size 
No. of F-T Cycles at which weight change  
exceeded 20 g 
Ambient Rubber 
Dosage  
Cryogenic Rubber 
Dosage 
8% 16% 24% 8% 16% 24% 
#8 300 300 240 60 60 30 
#50 300 300 300 150 210 240 
#100 300 300 300 30 240 30 
Control concrete 60 
Air entrained concrete 150 
 
Table 4.18: Summary of Relative Dynamic Modulus Results for F-T Specimens with Low 
Alkali Cement 
 
Rubber Size 
No. of F-T Cycles after which Dynamic Modulus  
fell below 60% of Initial Value 
Ambient Rubber Dosage Cryogenic Rubber Dosage 
8% 16% 24% 8% 16% 24% 
#8 270 240 90 60 60 30 
#50 180 300 300 60 240 270 
#100 300 300 300 60 150 30 
Control concrete 90 
Air-entrained concrete 300 
 
Photographs of F-T test samples at failure are shown in Appendix A. Concrete specimens 
containing ambient rubber, particularly those containing finer size fractions and higher dosage 
levels, generally retained their original shape and remained intact even after 300 F-T cycles. The 
control concrete samples also suffered severe cracking before failure. Air-entrained concrete 
samples overall performed well, however showed some gradual increase in surface scaling with 
progressive F-T cycles. The visual evidence suggests that cryogenic rubberized concrete samples 
suffered more damages than the corresponding ambient rubber samples. Most of the concrete 
specimens containing coarser cryogenic rubber at lower dosage levels failed due to scaling or 
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severe cracking. Although concrete specimens containing finer cryogenic sizes at higher dosages 
performed better, even those displayed some surface scaling and weight loss. 
 
Effect of High Alkali Cement 
As discussed in above sections, from preliminary studies it was found that the finer size 
crumb rubber aggregates with 16% and 24% replacement levels performed better in F-T test. 
Hence for further investigations of studying the effect of different parameters on air entrainment 
due to addition of crumb rubber aggregates, #50 and #100 size fractions at 16% and 24% 
replacement levels were selected. The F-T results of high alkali cement specimens are discussed 
below. Figure 4.71 and 4.72 shows the comparison of low alkali and high alkali cement 
specimens with #50 and #100 size fractions at 16% replacement level with both types of crumb 
rubber along-with control and air entrained concrete. It was observed that for all the crumb 
rubber specimens with both types of cement and rubber the expansion values remained within 
the ASTM C666 expansion limit of 0.1%. Only expansion of control concrete with both low and 
high alkali cement showed excessive expansion of specimens. 
Similar results were obtained for even 24% replacement by #50 size crumb rubber 
concrete specimens as shown in Figure 4.73 and 4.74. For #100 size fraction also for both 
replacement levels and both types of cement similar results were obtained. Also there was not 
much difference between the expansion values in both types of cement. This indicates that there 
was very less damage in the form of micro-cracking in finer crumb rubber size concrete 
specimens irrespective of the type of cement used and hence very less expansions even after 
exposing to 300 F-T cycles. 
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Figure 4.71: Effect of Low and High Alkali Cement on Length Change of #50 Size Rubberized 
Concrete with 16% Replacement Level 
 
 
Figure 4.72: Effect of Low and High Alkali Cement on Length Change of #50 Size Rubberized 
Concrete with 24% Replacement Level 
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Figure 4.73: Effect of Low and High Alkali Cement on Length Change of #100 Size Rubberized 
Concrete with 16% Replacement Level 
 
 
Figure 4.74: Effect of Low and High Alkali Cement on Length Change of #100 Size Rubberized 
Concrete with 24% Replacement Level 
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Weight change results for #50 and #100 size crumb rubber concrete at 16% and 24% 
replacement level are shown in Figure 4.75 through 4.78. For both ambient and cryogenic #50-
16% crumb rubber specimens with low and high alkali cement showed weight change below 20 
grams. #50-24%_AMB with low and high alkali cement also had very less weight change. #50-
24% cryogenic with low alkali cement had weight gain close to 20 grams up to 270 F-T cycles 
and then weight change of about 30 grams beyond that. #50-24% cryogenic specimens with high 
alkali cement also showed some weight loss in the form of surface scaling up to 240 F-T cycles 
and then increased up to 30 grams beyond that. All the samples of ambient #100-16% showed 
very less weight change, while #100-16% cryogenic with low alkali cement showed rapid weight 
loss after 240 F-T cycles. #100-24% ambient low alkali had also very less weight change. #100-
24% ambient and cryogenic high alkali specimens showed increased scaling after 240 F-T 
cycles. 
Dynamic modulus of #50-16% for both rubber types and cements remained well above 
60%. For all rubber specimens dynamic modulus remained above 60% except #100-16% 
cryogenic with low alkali cement which dropped below 60% after 180 F-T cycles. For 24% 
replacement both #50 and #100 specimens with high alkali cement performed very well (Figures 
4.79 to 4.82). It should be noted that #100-24%_CRY_LA failed only after 30 F-T cycles 
however #100-24%_CRY_HA survived all 300 F-T cycles with very less external damages and 
length changes and very high dynamic modulus close to 95%. Hence the poor performance of 
#100-24%_CRY_LA may be due to improper consolidation and considered as unusual behavior. 
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Figure 4.75: Effect of Low and High Alkali Cement on Weight change of #50 Size Rubberized 
Concrete with 16% Replacement Level 
 
 
Figure 4.76: Effect of Low and High Alkali Cement on Weight change of #50 Size Rubberized 
Concrete with 24% Replacement Level 
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Figure 4.77: Effect of Low and High Alkali Cement on Weight change of #100 Size Rubberized 
Concrete with 16% Replacement Level 
 
 
Figure 4.78: Effect of Low and High Alkali Cement on Weight change of #100 Size Rubberized 
Concrete with 24% Replacement Level 
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Figure 4.79: Effect of Low and High Alkali Cement on Relative Dynamic Modulus of Elasticity 
of #50 Size Rubberized Concrete with 16% Replacement Level 
 
 
Figure 4.80: Effect of Low and High Alkali Cement on Relative Dynamic Modulus of Elasticity 
of #100 Size Rubberized Concrete with 16% Replacement Level 
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Figure 4.81: Effect of Low and High Alkali Cement on Relative Dynamic Modulus of Elasticity 
of #50 Size Rubberized Concrete with 24% Replacement Level 
 
 
Figure 4.82: Effect of Low and High Alkali Cement on Relative Dynamic Modulus of Elasticity 
of #100 Size Rubberized Concrete with 24% Replacement Level 
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Table 4.19: Summary of Length Change Results of F-T Specimens with High Alkali 
Cement 
 
Rubber size 
 No. of F-T Cycles at which expansion exceeded 0.1% 
Ambient Rubber Dosage Cryogenic Rubber Dosage 
16% 24% 16% 24% 
#50 300 300 300 300 
#100 300 300 300 300 
Control concrete 60 
Air entrained concrete 300 
 
Table 4.20: Summary of Weight Change Results of F-T Specimens with High Alkali 
Cement 
 
Rubber size 
No. of F-T Cycles at which weight change  
exceeded 20 g 
Ambient Rubber Dosage Cryogenic Rubber Dosage 
16% 24% 16% 24% 
#50 300 300 300 300 
#100 300 240 240 240 
Control concrete 60 
Air entrained concrete 300 
 
Table 4.21: Summary of Relative Dynamic Modulus of F-T Specimens with High Alkali 
Cement 
 
Rubber size 
No. of F-T Cycles after which Dynamic Modulus  
fell below 60% of Initial Value 
Ambient Rubber Dosage Cryogenic Rubber Dosage 
16% 24% 16% 24% 
#50 270 270 300 300 
#100 300 300 300 300 
Control concrete 30 
Air entrained concrete 120 
 
Summary of results of rubberized concrete specimens as presented in Tables 4.19 to 4.21 
with high alkali cement shows that both the size fractions and both replacement levels survived 
300 F-T cycles. The length expansion remained in the limits of 0.1% along-with the air entrained 
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concrete. Control concrete specimens however exceeded 0.1% of length expansion after 60 F-T 
cycles. Weight change remained less than 20 grams for both types of crumb rubber. Increased 
weight loss was observed in the concrete containing samples #100-24% ambient and #100-16% 
and #100-24% cryogenic after 240 F-T cycles. Dynamic modulus of elasticity of all the #100-
16% and #100-24% cryogenic and ambient crumb rubber concrete specimens performed very 
well. #50-16% and #50-24% concrete samples with ambient crumb rubber dropped below 60% 
after 270 F-T cycles. 
This displayed that the alkalinity of cement did not affect the performance of fine crumb 
rubberized concrete specimens. In particular, cryogenic crumb rubber specimens outperformed 
those with low alkali cement with similar size fractions and replacement level. The inferior 
performance of #100-16% and #100-24% cryogenic specimens with low alkali cement was not 
observed with the high alkali cement. 
The statistical analysis was conducted to study the effect of alkalinity of cement on the 
relative dynamic modulus of elasticity on F-T specimens. It was observed that the type of crumb 
rubber and type of cement had significant effect on the relative dynamic modulus. Also the two 
way interactions such as Rubber*Replacement, Cement*Size, Size*Replacement and three way 
interaction Rubber*Cement*Replacement had were significant p-values indicating that these 
factors are important for the F-T performance of crumb rubber concrete. 
 
Effect of Addition of RHA 
#50-16% ambient rice husk ash specimens with low alkali cement performed very well 
while #50-16% ambient rice husk ash with high alkali cement displayed very high expansion 
after only 90 F-T cycles (Figure 4.83). #100-16% ambient rice husk ash with low alkali cement 
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also displayed lesser length change while the specimens with high alkali cement had very high 
expansion and eventually failed at 210 F-T cycles (Figure 4.84). Control rice husk ash low alkali 
cement specimens also expanded less until 180 F-T cycles but then failed at 240 F-T cycles after 
displaying gradual expansion. 
There was quite variation in the weight of #50-16% rice husk ash specimens with low 
alkali cement after every 30 cycles but overall weight change remained below 20 grams (Figure 
4.86). Specimens with high alkali cement showed significant weight gain. #100-16% rice husk 
ash low alkali and high cement specimens exhibited minimal weight changes within the specified 
limits of 20 grams (Figure 4.87). Control rice husk ash low alkali cement specimens had very 
less weight change while high alkali specimens had very high weight gain. 
#50-16% rice husk ash low alkali cement specimens performed very well with dynamic 
modulus close to 80% throughout 300 F-T cycles while those with high alkali cement performed 
poorly (Figure 4.88). Similarly dynamic modulus of #100-16% rice husk ash with low alkali 
cement specimens dropped below 60% after 240 F-T cycles displaying good performance while 
specimens with high alkali cement did not perform well (Figure 4.89). The inferior performance 
of RHA with high alkali cement may be attributed to the highly porous nature of RHA particles. 
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Figure 4.83: Effect of Rice Husk Ash on Length Change of #50 Size Rubberized Concrete with 
16% Replacement Level 
 
 
Figure 4.84: Effect of Rice Husk Ash on Length Change of #100 Size Rubberized Concrete with 
16% Replacement Level 
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Figure 4.85: Effect of Rice Husk Ash on Length Change of Control Concrete and Air Entrained 
Concrete  
 
 
Figure 4.86: Effect of Rice Husk Ash on Weight Change of #50 Size Rubberized Concrete with 
16% Replacement Level 
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Figure 4.87: Effect of Rice Husk Ash on Weight Change of #100 Size Rubberized Concrete with 
16% Replacement Level 
 
 
Figure 4.88: Effect of Rice Husk Ash on Control Concrete and Air Entrained Concrete 
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Figure 4.89: Effect of Rice Husk Ash on Relative Dynamic Modulus of Elasticity of #50 Size 
Rubberized Concrete with 16% Replacement Level 
 
 
Figure 4.90: Effect of Rice Husk Ash on Relative Dynamic Modulus of Elasticity of #100 Size 
Rubberized Concrete with 16% Replacement Level 
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Figure 4.91: Effect of Rice Husk Ash on Relative Dynamic Modulus of Control and Air 
Entrained Concrete with Low and High Alkali Cement 
 
Table 4.22: Summary of Length Change Results of F-T Specimens with RHA 
 
Rubber size 
No. of F-T Cycles at which expansion exceeded 0.1% 
Low Alkali High Alkali 
16% 24% 
#50 300 60 
#100 300 120 
Control concrete 180 30 
 
Table 4.23: Summary of Weight Change Results of F-T Specimens with RHA 
 
Rubber size 
No. of F-T Cycles at which weight change  
exceeded 20 grams 
Low Alkali High Alkali 
16% 16% 
#50 300 300 
#100 300 300 
Control concrete 240 30 
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Table 4.24: Summary of Relative Dynamic Modulus Results of F-T Specimens with RHA 
 
Rubber size 
No. of F-T Cycles after which Dynamic Modulus  
fell below 60% of Initial Value 
Low Alkali High Alkali 
16% 16% 
#50 300 60 
#100 300 60 
Control concrete 90 30 
Air entrained concrete 
 
 
 
In summary, from Tables 4.22 to 4.24, #50-16% and #100-16% ambient crumb rubber 
specimens with low alkali cement showed good performance with expansion values less than 
0.1% up to 300 F-T cycles. However, specimens with both size fractions with high alkali cement 
did not perform well. Rubber concrete samples with both size fractions showed gradual 
expansion after 60 and 120 F-T cycles respectively. The weight change for all the rubber 
concrete specimens with rice husk ash however was minimal. Very less scaling of all the 
specimens was observed with weight change below 20 grams for all the samples. Also, the 
dynamic modulus of #50 and #100 specimens with RHA and low alkali cement was good with 
dynamic modulus above 60% for 300 F-T cycles while high alkali cement specimens showed 
poor performance and its dynamic modulus dropped below 60% after 60 F-T cycles. 
It can be stated from these results that the high carbon content in RHA did not affect the 
performance of rubberized concrete for samples with low alkali cement. The high LOI value of 
RHA did not affect the performance of rubberized specimens and the air entrainment was also 
not affected. However the high alkalies in the rubberized concrete caused significant impact on 
the air void system and showed poor performance in F-T test. Statistical analysis displayed that 
the addition of RHA had significant effect on the relative dynamic modulus of F-T specimens 
and hence their durability factors. 
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Effect of Addition of Latex Rubber Emulsion 
Out of two replacement levels and two types of cements, only concrete specimens with 
10% latex emulsion and low alkali cement performed well and displayed minimal length change. 
All other specimens showed excessive expansion. Same specimens survived all 300 F-T cycles 
however showed excessive weight loss close to 40 gram all through the test. Other specimens 
failed prematurely. These specimens performed very well with relative dynamic modulus of 80% 
for most of the F-T cycles. The results are displayed in Figures 4.92 to 4.94. 
In general latex rubber has shown to improve the freeze-thaw performance of the 
concrete when used in the form of surface coating. However in this case only 10% replacement 
level with low alkali showed good performance. One reason behind this poor performance may 
be the use of latex acrylic emulsion instead of SBR latex. Acrylic latex emulsion had highly fine 
solids in it which has affected the performance of higher replacement level specimens in freeze 
thaw. It would be interesting to study the effect of addition of SBR Latex emulsion in to the 
concrete. 
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Figure 4.92: Effect of Addition of Latex Emulsion on Length Change of Specimens with Low and 
High Alkali Cement 
 
 
Figure 4.93: Effect of Addition of Latex Emulsion on Weight Change of Specimens with Low and 
High Alkali Cement 
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Figure 4.94: Effect of Addition of Latex Emulsion on Relative Dynamic Modulus of Specimens 
with Low and High Alkali Cement 
 
Table 4.25: Summary of Length Change Results of F-T Specimens with Latex Emulsion 
 
Rubber size 
 
No. of F-T Cycles at which expansion exceeded 0.1% 
Low Alkali High Alkali 
Latex_10% 300 30 
Latex_20% 90 30 
 
Table 4.26: Summary of Weight Change Results of F-T Specimens with Latex Emulsion 
 
Rubber size 
 
No. of F-T Cycles at which weight change exceeded 20 
grams 
Low Alkali High Alkali 
Latex_10% 30 30 
Latex_20% 30 30 
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Table 4.27: Summary of Relative Dynamic Modulus Results of F-T Specimens with Latex 
Emulsion 
 
Rubber size 
 
No. of F-T Cycles after Dynamic Modulus fell below 60% of 
Initial Value 
Low Alkali High Alkali 
Latex_10% 300 90 
Latex_20% 90 30 
 
Overall, only Latex_10% samples showed good performance with length change below 
0.1% and dynamic modulus more than 60% for 300 F-T cycles as can be observed from Tables 
4.25 to 4.27. However, weight change for these specimens was significant and was more than 20 
grams only after 30 F-T cycles. All the other specimens with high alkali cement showed poor 
performance and failed early.  
This shows that natural latex specimens at 10% replacement level showed good F-T 
performance. Higher replacement and high alkali cement concrete specimens did not show 
adequate performance. 
 
Effect of Addition of Crumb Rubber to Concrete Mixes without HRWR 
There was no significant effect on F-T performance of crumb rubber concrete specimens 
without Super-plasticizer. The length change results were similar to the crumb rubber concrete 
specimens with SP i.e. very less expansions below 0.1% were observed throughout 300 F-T 
cycles. However, the specimens without SP showed increased scaling particularly after 180 F-T 
cycles with subsequently more increase with the number of F-T cycles. The dynamic modulus 
results also showed that the crumb rubber concrete specimens without SP have less variation and 
for most of the specimens it remained well above 60% for all 300 F-T cycles. All the results are 
plotted in the graphs shown below in the Figures 4.95 to 4.97. 
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Figure 4.95: Comparison of Expansion of Crumb Rubber Concrete with and without Super-
Plasticizer 
 
 
Figure 4.96: Comparison of Weight Change of Crumb Rubber Concrete with and without Super-
Plasticizer 
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Figure 4 97: Comparison of Relative Dynamic Modulus of Crumb Rubber Concrete with and 
without Super-Plasticizer 
 
Table 4.28: Summary of Length Change Results of F-T Specimens without Super-
plasticizer 
 
Rubber size 
 
No. of F-T Cycles at which expansion exceeded 0.1% 
Low Alkali 
#50-16%_AMB 300 
#50-16%_CRY 300 
#100-24%_AMB 300 
 
Table 4.29: Summary of Weight Change Results of F-T Specimens without Super-
plasticizer 
 
Rubber size 
 
No. of F-T Cycles at which Weight Change exceeded 20 
grams 
Low Alkali 
#50-16%_AMB 210 
#50-16%_CRY 210 
#100-24%_AMB 210 
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Table 4.30: Summary of Relative Dynamic Modulus Results of F-T Specimens without 
Super-plasticizer 
 
Rubber size 
 
No. of F-T Cycles after which Dynamic Modulus fell 
below 60% of Initial Value 
Low Alkali 
#50-16%_AMB 300 
#50-16%_CRY 300 
#100-24%_AMB 300 
 
All the specimens without super-plasticizer as shown in the Tables 4.28 through 4.30 
performed very well with length change below 0.1% and dynamic modulus above 60% 
throughout 300 F-T cycles. However increased scaling was observed after 210 F-T cycles in all 
the specimens. Hence it can be stated that even if super-plasticizer is not added to the rubberized 
concrete, it does not affect the performance of it. The air entrainment is similar to the concrete 
specimens with the addition of super-plasticizer. This also brings out the fact that rubber 
aggregates themselves are responsible for increased air entrainment into the concrete due to their 
physical properties. 
 
Effect of Vibration Time and Frequency while Consolidation of Plastic Concrete 
The specimens with #50-16% cryogenic crumb rubber were prepared with low alkali 
cement and vibrated at three different vibration times. The specimens were vibrated for 1 min. 3 
min and 5 min. at a frequency of 2800 rpm. There was no significant effect of vibration times on 
the length change results of these specimens. For all of these specimens the length change was 
less than 0.1%. Similarly there was no effect on weight change of specimens vibrated at different 
times. There was variation in weight at each cycle F-T cycles but the overall weight change did 
not exceed 20 grams. The relative dynamic modulus of all the specimens also remained above 
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80% for all different vibration times. These results clearly indicate that the vibration time does 
not affect the F-T performance of cryogenic rubberized concrete unlike conventional air 
entrained specimens. The plots of all the results are presented in Figures 4.98 through 4.103. 
 
 
Figure 4.98: Comparison of Length Change of Cryogenic Crumb Rubber Concrete for Different 
Vibration Times 
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Figure 4.99: Comparison of Weight Change of Cryogenic Crumb Rubber Concrete for Different 
Vibration Times 
 
 
Figure 4.100: Comparison of Relative Dynamic Modulus of Cryogenic Crumb Rubber Concrete 
for Different Vibration Times 
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Figure 4.101: Comparison of Length Change of Ambient Crumb Rubber Concrete for Different 
Vibration Frequency and Time 
 
 
Figure 4.102: Comparison of Weight Change of Ambient Crumb Rubber Concrete for Different 
Vibration Frequency and Time 
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Figure 4.103: Comparison of Relative Dynamic Modulus for Ambient Crumb Rubber Concrete 
for Different Vibration Frequency and Time 
 
Table 4.31: Summary of Length Change Results of F-T Specimens for Vibration Study 
 
Rubber size 
 
No. of F-T Cycles at 
which expansion 
exceeded 0.1% 
Low Alkali 
#50-16%_CRY_1 min. (2800 rpm) 300 
#50-16%_CRY_3 min (2800 rpm) 210 
#50-16%_CRY_5 min (2800 rpm) 300 
#50-16%_AMB_1min. (2800 rpm) 210 
#50-16%_AMB_3 min. (2800 rpm) 300 
#50-16%_AMB_5min (2800 rpm). 120 
#50-16%_AMB_3 min. (1800 rpm) 300 
#50-16%_AMB_3 min. (4800 rpm) 300 
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Table 4.32: Summary of Weight Change Results of F-T Specimens for Vibration Study 
 
Rubber size 
 
No. of F-T Cycles at 
which Weight Change 
exceeded 20 grams 
Low Alkali 
#50-16%_CRY_1 min. (2800 rpm) 300 
#50-16%_CRY_3 min (2800 rpm) 300 
#50-16%_CRY_5 min (2800 rpm) 300 
#50-16%_AMB_1min. (2800 rpm) 300 
#50-16%_AMB_3 min. (2800 rpm) 300 
#50-16%_AMB_5min (2800 rpm). 300 
#50-16%_AMB_3 min. (1800 rpm) 300 
#50-16%_AMB_3 min. (4800 rpm) 300 
 
Table 4.33: Summary of Relative Dynamic Modulus Results of F-T Specimens for 
Vibration Study 
 
Rubber size 
 
No. of F-T Cycles after which 
Dynamic Modulus fell below 
60% of Initial Value 
Low Alkali 
#50-16%_CRY_1 min. (2800 rpm) 300 
#50-16%_CRY_3 min (2800 rpm) 300 
#50-16%_CRY_5 min (2800 rpm) 300 
#50-16%_AMB_1min. (2800 rpm) 270 
#50-16%_AMB_3 min. (2800 rpm) 300 
#50-16%_AMB_5min (2800 rpm). 270 
#50-16%_AMB_3 min. (1800 rpm) 300 
#50-16%_AMB_3 min. (4800 rpm) 300 
 
In summary, from the Tables 4.31 to 4.33, the results of vibration study for cryogenic 
#50-16% shows that the different vibration times did not affect the F-T performance of these 
samples. Only expansion or length change values exceeded 0.1% after 210 F-T cycles, while 
weight change and dynamic modulus remained within the specified limits. 
For ambient crumb rubber samples with different vibration times showed that it does not 
affect the F-T performance significantly which were also supported by the results of statistical 
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analyses. All the specimens performed very well except those vibrated for 1 min. and 3 min. at 
2800 rpm. The length change exceeded 0.1% after 210 and 120 F-T cycles respectively. All the 
samples showed negligible weight change. Dynamic modulus for majority of the samples 
remained above 60% with the exception of specimens vibrated at 1 min. and 5 min. at 2800 rpm. 
This shows that the vibration time of rubberized concrete affected the performance slightly 
however the vibration frequency did not. This shows that the crumb rubberized concrete is less 
vulnerable to the air loss due to variation in vibration time and frequency unlike conventional air 
entrained concrete. 
From all the above results it can be observed that the inclusion of crumb rubber 
aggregates in the portland cement concrete is helping to reduce these kind of damages after the 
specimens are exposed to the F-T cycles. The crumb rubber particles act as crack arrester and 
hold the matrix together against the cyclic pressure of F-T and helping to minimize the 
deterioration. It was also observed that the ambient crumb rubber aggregates are more efficient 
in preventing the damages due to F-T cycles. This may be attributed to the rough surface texture 
of ambient crumb rubber aggregates as compared to the cryogenic crumb rubber aggregates. 
Also the physical properties of rubber particle allow them to dissipate the stresses caused by the 
F-T. This helps in keeping the damages localized and also prevents them from propagating 
further. However in many crumb rubber concrete specimens minor to moderate level of scaling 
was observed. 
Scaling is a surface phenomenon, and it is prevalent in all kinds of concrete specimens in 
F-T exposure. So the inclusion of crumb rubber aggregates does not help much in preventing this 
surface scaling. Another reason for increased scaling as mentioned in the literature and according 
to Lamond and Pielert (1996) is the kind of F-T containers used for testing. If the material of 
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these containers is very rigid, those containers themselves exert external pressure on the 
specimens during the freezing cycle and initiate surface scaling on the sides. Even if as per 
ASTM C666 a margin of 3mm from the sides of the container walls is recommended, once the 
ice is formed this margin does not prove adequate and is bound to cause damaging stresses. 
 
Durability Factors 
 
Finally, durability factors of all the rubberized concrete samples were calculated using 
the relative dynamic modulus values at the end of F-T cycles for which each individual sample 
survived. The equation used for the determination of durability is given in ASTM C 666 as 
below. 
/DF PN M  
 
Where, DF = durability factor of the rubberized concrete specimen, P = relative dynamic 
modulus of elasticity at N cycles, %, N = number of cycles at which P reaches the specified 
minimum value for discontinuing the test or the specified number of cycles at which the 
exposure is to be terminated, whichever is less, and M = specified number of cycles at which the 
exposure is to be terminated. 
Based on the work done by Cordon [1963] durability factors were categorized in three 
different types. The specimens with durability factor above 80% are considered as good and 
those below 20% are considered as poor while those falling in between these two values are 
considered as under transition zone. In the regular industry practice, a durability factor of 60% is 
considered as an indication of adequate F-T performance (Radlinski et al.). 
The plot shown in Figure 4.104 shows that the durability factors for ambient rubber 
samples were better than respective cryogenic rubber samples. However for #50-16% and #50-
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24% the durability factors for both types of rubber were very close and was more than 60% for 
#50-16% while it was found to be more than 80% for #50-24%. Also, the durability factors for 
all three replacement levels of #100 sizes were more than 60. These results clearly indicate that 
the addition of finer rubber sized crumb rubber aggregate in concrete improves its F-T 
performance. 
 
 
Figure 4. 104: Durability Factors of Ambient and Cryogenic Rubberized Concrete with Low 
Alkali Cement after F-T Test 
 
Figure 4.105 shows the comparison of durability factors of ambient and cryogenic rubber 
samples with low and high alkali cement. These results showed that irrespective of type of crumb 
rubber and type of cement i.e. low or high alkali cement for majority of the specimens, durability 
factor of more than 60% were obtained. The specimens with #50-16% cryogenic, and #50-24% 
ambient with high alkali cement had durability factor close to 60%. With #100 size specimens, 
51 
36 
78 
42 
76 72 
9 
88 
63 
38 
75 
13 11 
16 
4 
78 
30 
4 
87 
2 
0
20
40
60
80
100
D
u
ra
b
il
it
y
 F
a
ct
o
r
 
Type of Concrete 
Ambient Type Rubber Cryogenic Type Rubber
  151 
#100-16% and #100-24% cryogenic with low alkali cement had durability factors much below 
60% displaying poor performance. 
With the crumb rubber specimens consisting of rice husk ash only #50-16% ambient 
rubber and low alkali cement showed durability factor of 75 as shown in Figure 4.106. 
Remaining all other specimens i.e. #50-16% ambient with high alkali cement and #100-16% 
ambient with both types of cement had low durability factors. One of the major factors affecting 
the performance of rice husk ash rubber specimens is the very porous rice husk ash. It absorbs 
most of the air bubbles in the concrete making it vulnerable for freeze thaw damages. Also, the 
air void parameters are affected by the high alkalinity of cement. 
In the latex modified concrete only 10% replacement level with low alkali cement 
specimens displayed durability factor of 65% Figure (4.107). Remaining specimens had very low 
values of durability factors. There was no effect of use of SP on the durability factors of crumb 
rubber concrete. The performance of both types of crumb rubber was satisfactory in the samples 
prepared with and without using SP which was added to improve the workability of fresh rubber 
concrete Figure (4.108). 
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Figure 4.105: Comparison of Durability Factors of Ambient and Cryogenic Rubberized 
Concrete with Low and High Alkali Cement after F-T Test 
 
 
Figure 4.106: Durability Factors of Ambient and Cryogenic Rubberized Concrete with and 
without Rice Husk Ash after F-T Test 
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Figure 4.107: Durability Factors of Latex Modified Concrete after F-T Test 
 
 
Figure 4.108: Durability Factors of Ambient and Cryogenic Rubberized Concrete with and 
without Super-Plasticizer after F-T Test 
 
The effect of changing vibration times was also studied on #50-16% specimens with low 
alkali cement using both types of crumb rubber. Figure (4.109) shows the result for #50-16% 
cryogenic specimens at four different vibration times, 30 sec., 1 min., 3 min. and 5 min. It was 
observed that there is not a significant effect of vibrating the fresh concrete for different times. 
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The durability factors of specimens vibrated for 30 sec. and 3 min. were similar while those of 
specimens vibrated for 1 min. and 5 min. were close and higher than others. 
 
 
Figure 4.109: Durability Factors of #50-16% Cryogenic Rubberized Concrete for Different 
Vibration Times 
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Figure 4.110: Durability Factors of #50-16% Ambient Rubberized Concrete for Different 
Vibration Times and Frequencies 
 
Similarly the effect of vibration times and frequency was studied on #50-16% ambient 
rubber samples with low alkali cement. The results are shown in Figure 4.110 indicate that the 
vibration time affected the F-T performance of the ambient crumb rubber specimens. However, 
the vibration frequency did not affect the performance significantly. Also, it was observed that 
the at the constant frequency of 2800 rpm, consolidation for 1 min. and 5 min. displayed poorer 
performance. The consolidation time of 3 min. was found to be adequate for improved F-T 
performance. Different vibration frequencies at 3 min. vibration time did not affect the 
performance rather displayed higher durability factors. 
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Hardened Air Content 
 
The hardened air content test on the ambient and cryogenic rubberized concrete samples 
was carried out using ASTM C457. Air content within a given volume of concrete is the 
cumulative volume of a large number of air voids of multiple sizes ranging from microscopic 
bubbles to larger irregularly shaped air voids [Hover, 1996]. The air voids in the concrete 
influences the workability and density of fresh concrete and strength and frost resistance of 
hardened concrete. Amongst all these frost resistance is significantly influenced by the air voids. 
The effective performance of these air voids depends on the distribution and their dispersion 
throughout hardened concrete. 
Air voids improves the workability due to the fact that small air bubbles act as cushions 
and reduce inter-particle friction and may cause reduction in water content by 6 to 12%. Also the 
increase in small air bubbles improves the air content in fresh concrete. However as a thumb 
rule, with every 1% increase in air content the reduction in compressive strength is up to 3 to 5%. 
Other effects include water reduction, reduced bleeding and better segregation resistance. 
Water is absorbed into the pores of aggregate particles and capillary pores of hardened 
cement paste. When these capillary pores are saturated at sufficiently low temperatures, water 
freezes and expands in volume by 9%. As shown in the Figure 4.111 below, in unsaturated 
condition, the pore structure is filled with small amount of water. During the thawing cycle, 
thermal contraction occurs and during freezing water in larger pore freezes. Again from freezing 
temperature to thawing ice melts and water flows into the pore spaces. Further when the 
specimen is saturated, during freezing cycle, when the empty pores cannot accommodate this 
expansion of ice, the volume of the hardened concrete itself is forced to expand due to tensile 
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stresses. At temperatures below -10
0
C to minimum temperature ice contracts in larger pores and 
again during thawing, ice expands more than the surrounding concrete. As the temperature 
continues to drop the expansion of water creates very high hydraulic pressure and at lowest 
temperature water in smaller pores also freezes. Depending on the rate at which freezing occurs, 
whether salt or deicing agents of different concentrations causing osmotic pressure are present, 
due to the actual expansion of ice, cyclic and expansive stresses originates. These cyclic stresses 
are created and relaxed repeatedly which causes fatigue in concrete. Absorbed water remains in 
the small capillaries moving towards the air voids only under the pressure generated by rapid 
freezing. 
Under rapid freezing, water and ice move towards empty air voids under a pressure 
gradient i.e. highest at freezing site and lowest at air void. This pressure increases with distance 
of travel. This pressure is minimized by a well dispersed system of air voids reducing the travel 
distance from any point in the paste to the nearest air void as shown in Figure 4.111 below. The 
air voids provides the free expansion space for ice formation. The factors affecting this distance 
are degree of saturation, rate of freezing, porosity, permeability, degree of hydration of cement 
paste, viscosity of water and the tensile strength of concrete. 
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Figure 4. 111: Sketch showing the Effect of Freezing of Water and Need for Air Voids to 
Accommodate Expansion 
 
For any given cement paste and environmental conditions there exists a critical distance 
beyond which movement of ice or water will generate damaging pressures (as shown by “a” in 
above figure). Powers calculated this theoretical distance as 0.25 mm (0.010 in.) for more severe 
exposure condition of F-T. 
Requirements of an effective air-void system 
Air voids in the concrete matrix protect the cement paste hence the required air content 
depends on the paste contents which is a function of aggregate size and gradation and minimum 
cement content requirements. These air bubbles are categorized as entrapped or entrained. As per 
ASTM C125, entrapped air voids are relatively large typically 1 to 10 mm or more in size while 
air entrained concrete contains much smaller voids ranging from 0.01 mm to 1 mm diameter. 
The amount of entrapped in concrete is also a function of aggregate size and gradation especially 
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of fine aggregates and usually comprises of 1 to 2 percent of the volume of concrete (Tanesi and 
Meininger, 2006). Air entrained voids are trapped during mixing and stabilized by the air 
entraining admixture. On the other hand, voids trapped in the concrete during handling and 
placement is called as entrapped air. Entrained smaller air voids are spherical in shape while 
large air voids are non-spherical and irregularly formed. 
Air voids must be dispersed throughout the cement paste so that nearly all the paste is 
within the protective shell of one or more voids. The volume of freezable water initially present 
in the pores depends on initial porosity, age of concrete, curing conditions and environmental 
conditions (Powers 1949). Large voids are less effective because they provide less volume of 
protected paste. Air entraining admixtures stabilize the smaller air voids by their formation, 
retention and dispersion due to combined action of stabilization of surface tension and 
precipitates at the bubble wall. 
Cement paste in hardened concrete is comprised of 25 to 30 percent of the cement paste 
which primarily consists of calcium silicate gel, calcium hydroxide, calcium sulfo-aluminate and 
capillary pore space. These pores are originally filled with water which is available in excess of 
that required for the hydration of cement. CSH gel is porous in nature with an intrinsic porosity 
of 28% (Tanesi and Meininger, 2006). The interstitial spaces between the spheres are the gel 
pores with the diameters ranging from 5 x 10
-7
 to 25 x 10
-7 
mm. The temperature at which water 
freezes is a function of the pore size. The gel pores are very small hence water inside them 
cannot freeze at temperatures above -78 
0
C. The capillary pores on the other hand are 
considerably larger than gel pores ranging from 3 x 10
-3
 to 5 x 10-
3
 mm. Water at temperatures 
below 0 
0
C, has a higher free energy than ice therefore water will flow from gel to capillaries 
along a free energy gradient in order to freeze. 
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Air Void Parameters 
Modified Point-Count method consists of the determination of the volumetric 
composition of the concrete by observation of the frequency with which areas of a given 
component coincide with a regular grid system of points at which stops are made to enable the 
determinations of composition (ASTM C457). The data collected are the linear distance between 
stops along the traverse (I), the total number of stops (St), the number of stops in air voids (Sa), 
the number of stops in paste (Sp), and the number of air voids (N) intersected by the line of 
traverse over which the component data is collected. From these data the air content and various 
parameters of the air-void system are calculated. 
The air content and the parameters of the air-void system in hardened concrete primarily 
depends on the kind and dosage of the air entraining agent used, the degree of consolidation of 
the concrete, and its water-cement ratio. The value of the specific surface and the void frequency 
decreases rapidly with an increase of the water-cement ratio or the paste content if other 
conditions remain the same. Satisfactory values of specific surface and spacing factor require 
that the void frequency should be larger than about 315 per meter (8 per in.). The air content can 
be reduced substantially by extended vibration of the concrete, without a significant increase of 
the spacing factor, provided the concrete had adequate air entrainment initially. Extended 
vibration however, results in excessive bleeding and segregation. 
Void frequency is a critical parameter in determining the magnitude of the specific 
surface and the spacing factor. Provided the value of the specific surface or the void frequency is 
sufficiently high, a suitable spacing factor is obtained even when the air content is low. However, 
in order to obtain an air-void system that has both the volume capacity and the geometric 
parameters necessary to protect saturated mature cement paste during exposure to freezing, it is 
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important to obtain concrete with an acceptably high air content (A) and a low enough spacing 
factor (L) to provide protection. For concrete exposed to freezing and thawing while critically 
saturated, a minimum-compressive strength of at least 28 MPa (4000 psi) must be developed 
prior to the freezing exposure, in addition to the securing of adequate air entrainment. 
Specific Surface (α) is a term analogous to the fineness of cement, which is expressed as 
the estimated total cement surface area per unit mass of the cement. Higher fineness values 
indicate finer, smaller grained cement since smaller particles have a greater surface area per unit 
mass [Hover 1996]. Similarly, specific surface is defined as the cumulative surface area of the 
voids divided by their cumulative volume with the units of mm
2
/mm
3
 and higher values indicate 
the finer air void system. As per ASTM C457 incorporating air entraining admixture will result 
in a specific surface of 25-45 mm
2
/ mm
3
 (~600 in.
2
/ in.
3
). Spacing Factor (L) is a theoretical 
maximum distance from any point in the paste to the nearest air void. ACI Committee 201 has 
recommended a spacing factor of 0.200 mm (0.008 in.) or less is considered acceptable for 
adequate F-T resistance. However few other studies has demonstrated that spacing factor of 
about 0.500 mm (0.02 in.) also can provide adequate F-T resistance (Hover 1996). The 
requirement of 0.200 mm spacing factor is largely valid for faster freezing rates, longer sub-
freezing periods or resistance to deicers. Void frequency (n) is a measure of voids per unit length 
of traverse and its unit is a reciprocal length. As a thumb rule, its value is expected to be one and 
half times the numerical value of air content. Thus for an air content of 5%, an expected void 
frequency would be 5-7.5 voids per inch [Hover, 1996]. The results of hardened air content as 
compared to the fresh air content are presented below. 
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Table 4.34: Fresh and Hardened Air Content of Rubberized Concrete with Low Alkali 
Cement 
 
Rubber Size 
and 
Replacement 
Level 
 
Ambient Rubber Cryogenic Rubber 
Fresh 
Air 
Content 
Hardened Air Content 
Fresh Air 
Content 
Hardened Air Content 
% Air % Air 
Spacing 
Factor (mm) 
% Air % Air 
Spacing 
Factor (mm) 
#8-8% 0.75 1.95 0.576 0.50 1.66 0.597 
#8-16% 2.75 2.54 0.594 0.75 1.29 0.696 
#8-24% 2.50 4.11 0.525 0.50 1.82 0.787 
#50-8% 1.75 3.38 0.472 1.00 2.83 0.439 
#50-16% 5.50 4.36 0.294 4.00 4.98 0.269 
#50-24% 7.25 6.49 0.203 2.75 5.06 0.200 
#100-8% 3.50 4.47 0.398 1.50 3.56 0.276 
#100-16% 5.50 7.27 0.193 4.75 4.98 0.210 
#100-24% 5.00 7.75 0.180 3.50 4.62 0.305 
CONTROL 1.75 2.93 0.383 1.75 2.93 0.383 
AEC 5.75 5.57 0.213 5.75 5.57 0.213 
 
 
Figure 4.112: Comparison of Fresh and Hardened Air Content of Ambient Rubberized Concrete 
with Low Alkali Cement 
 
0.75 
2.75 2.5 
1.75 
5.5 
7.25 
3.5 
5.5 
5 
1.75 
5.75 
1.95 
2.54 
4.11 
3.38 
4.36 
6.49 
4.47 
7.27 
7.75 
2.93 
5.57 
0.0
2.0
4.0
6.0
8.0
10.0
A
ir
 C
o
n
te
n
t 
(%
) 
Type of Concrete 
Fresh Air Content Hardened Air Content
  163 
 
Figure 4.113: Comparison of Fresh and Hardened Air Content of Cryogenic Rubberized 
Concrete with Low Alkali Cement 
 
The results in Table 4.34 show the comparison between air content of fresh and hardened 
concrete. Both fresh air content and the hardened air content of the concrete samples were shown 
to increase with the replacement level of both the types of crumb rubber addition. Ambient 
rubberized concrete samples showed higher hardened air content values than cryogenic 
rubberized concrete in most of the sizes and replacement levels. For #8 sized crumb rubberized 
concrete 8% replacement showed lesser fresh and hardened air content as compared to 16% and 
24% replacement levels for both the types. #8-24% showed highest hardened air content as 
compared to other replacement levels. Figure 4.112 and 4.113 shows the comparison between the 
ambient and cryogenic air content respectively. Similar trend was observed for #50 and #100 
sizes. The highest hardened air content values for #50 sizes were 6.49% and 5.06% for ambient 
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For #100 size of ambient rubber similar trend as #50 size was observed with higher 
hardened air content as compared to other replacement levels. However, for #100 Cryogenic 
rubber samples, higher hardened air content values were obtained for 16% replacement instead 
of 24%. The hardened air content value of control concrete was 2.93% while air entrained 
concrete was 5.26%. The hardened air of air entrained concrete was found to be lesser than #100-
16% and #100-24% and also #50-24% of Ambient rubberized concrete samples. The spacing 
factors for the finer size rubberized concrete for both types were obtained between 0.180 to 
0.300 mm which seems to be adequate for satisfactory F-T resistance. A spacing factor of 0.200 
mm is considered as a good indicator of better freeze-thaw resistance as indicated by Powers 
[1949] however, any deviation from that doesn’t necessarily indicate poor performance. 
High co-relation between air content and spacing factor with R Square value of 0.9939 
for #100 size Ambient rubberized concrete was observed while for #50 size it was 0.851 as 
shown in Figure 4.114. For Cryogenic rubberized concrete only #50 size showed good R Square 
value of 0.9429 while for remaining both size were very low Figure 4.115. Comparison between 
fresh and hardened air content is shown between #8, #50 and #100 size is shown in and 
respectively. In most of the size fractions hardened air content was found to be more than fresh 
air content while the difference was not significant. It was indicated through statistical analysis 
that type of crumb rubber, size fraction and also the replacement significantly affects the 
hardened air content and spacing factors of rubberized concrete with low alkali cement. 
This indicates that rubber particles introduce a system of stable air bubbles in the 
concrete which ultimately helps in improving the F-T durability of concrete. The data for all the 
remaining parameters such as specific surface, void frequency, spacing factor etc. obtained after 
microscopic examination of hardened air content test is included in Appendix E. 
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Figure 4.114: Relation between Air Content and Spacing Factor for Ambient Rubber with Low 
Alkali Cement 
 
 
 
Figure 4.115: Relation between Air Content and Spacing Factor for Cryogenic Rubber with Low 
Alkali Cement 
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Table 4.35 shows the comparison of fresh and hardened air contents between low and high alkali 
cements in addition to the spacing factors for both types of crumb rubber. 
 
Table 4.35: Comparison of Fresh and Hardened Air Content of Rubberized Concrete with 
Low and High Alkali Cement 
 
Rubber Size 
and 
Replacement 
Level 
 
Ambient Rubber Cryogenic Rubber 
Fresh 
Air 
Content 
Hardened Air Content 
Fresh 
Air 
Content 
Hardened Air Content 
% Air % Air 
Spacing 
Factor 
(mm) 
% Air % Air 
Spacing 
Factor 
(mm) 
#50-16%_HA 4.75 6.91 0.193 4.00 4.11 0.264 
#50-24%_HA 4.00 6.07 0.186 4.00 6.77 0.262 
#100-16%_HA 5.75 6.25 0.219 3.00 3.98 0.286 
#100-24%_HA 8.00 8.31 0.200 6.50 6.91 0.204 
CONTROL_HA 1.50 1.88 0.569    
AEC_HA 4.00 5.65 0.222    
 
 
Figure 4.116: Comparison of Fresh and Hardened Air Content of #50 Size Rubberized Concrete 
with Low Alkali Cement 
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Figure 4.117: Comparison of Fresh and Hardened Air Content of #50 Size Rubberized Concrete 
with High Alkali Cement 
 
 
Figure 4.118: Comparison of Fresh and Hardened Air Content of #100 Size Rubberized 
Concrete with Low Alkali Cement 
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Figure 4.119: Comparison of Fresh and Hardened Air Content of #100 Size Rubberized 
Concrete with High Alkali Cement 
 
For #50-16% and 24% ambient crumb rubber concrete specimens with low alkali cement 
had lower fresh air content as compared to their corresponding hardened air contents while for 
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range of 0.204 mm to 0.286 mm. It was indicated in statistical analysis that the alkalinity of 
cement does not affect the hardened air content or spacing factors of the rubberized concrete. 
 
Table 4.36: Comparison of Fresh and Hardened Air Content of Concrete with Rice Husk 
Ash and Latex Emulsion 
 
Rubber Size and Replacement 
Level 
 
Fresh Air Content Hardened Air Content 
% Air % Air 
Spacing Factor 
(mm) 
#50-16%_AMB_RHA_LA 2.50 3.91 0.345 
#50-16%_AMB_RHA_HA 1.50 1.81 0.632 
#100-16%_AMB_RHA_LA 2.00 2.37 0.495 
#100-16%_AMB_RHA_HA 2.50 2.02 0.385 
CONTROL_RHA_LA 1.75 1.96 0.517 
CONTROL_RHA_HA 1.00 1.26 0.948 
AEC_RHA_LA 5.00 5.59 0.165 
AEC_RHA_HA 6.25 5.24 0.197 
LATEX_LA_10% 1.60 3.77 0.495 
LATEX_LA_20% 1.00 2.16 0.456 
LATEX_HA_10% 1.25 2.45 0.639 
LATEX_HA_20% 1.25 1.53 0.594 
 
 
Figure 4 120: Comparison of Fresh and Hardened Air Content of Specimens with Rice Husk Ash 
and Low Alkali Cement 
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Figure 4.121: Comparison of Fresh and Hardened Air Content of Specimens with Rice Husk Ash 
and High Alkali Cement 
 
 
Figure 4.122: Comparison of Fresh and Hardened Air Content of Specimens with Latex Rubber 
Emulsion with Low and High Alkali Cement 
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Table 4.36 shows the results of fresh and hardened air content and fresh air contents of 
RHA and Latex rubber specimens. All the rice husk ash specimens with both size fractions 
displayed higher hardened air content values as compared to the fresh air contents with the 
exception of #100-16% ambient RHA with high alkali cement (Figure 4.120 and 4.121). Even 
the low alkali cement #50 and #100 rubber concrete specimens had air contents less than 4% 
their performance in F-T test was good as discussed in the previous sections. However, the 
spacing factors were also very large still performing well in F-T. Only air entrained concrete 
with RHA containing both low and high alkali cements performed well. Control specimens with 
both types of cement had very less air and failed early. In latex emulsion specimens with 10% 
replacement with low alkali performed well (Figure 4.122) .There was a large difference in fresh 
and hardened air content. All the remaining samples failed early due to less air content and very 
high spacing factors. In summary, hardened air content and spacing factor of RHA specimens 
were significantly affected due to the type of crumb rubber and addition of RHA as indicated by 
the statistical analysis. 
Table 4.37: Comparison of Fresh and Hardened Air Content of Rubberized Concrete 
without Super-Plasticizer 
 
Rubber Size and Replacement 
Level 
 
Fresh Air Content Hardened Air Content 
% Air % Air 
Spacing Factor 
(mm) 
#50-16%_AMB_LA_NO_SP 2.75 6.71 0.252 
#50-16%_CRY_LA_NO_SP 1.75 6.22 0.242 
#100-24%_AMB_LA_NO_SP 3.50 6.64 0.212 
 
All the specimens with and without super-plasticizer had higher hardened air content with 
the exception of #50-16% ambient with super-plasticizer. All the samples had adequate spacing 
factors (Figure 4.123). 
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Figure 4.123: Comparison of Fresh and Hardened Air Content of Specimens with and without 
Super-Plasticizer 
 
Table 4.38: Comparison of Fresh and Hardened Air Content of Rubberized Concrete with 
Different Vibration Time and Frequency 
 
Rubber Size and 
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Vibration 
Time & 
Vibration 
Frequency 
Fresh Air 
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% Air % Air 
Spacing 
Factor (mm) 
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#50-16%_CRY_LA_M2 3 min. 2.25 5.02 0.296 
#50-16%_CRY_LA_M3 5 min. 3.00 5.17 0.309 
#50-16%_AMB_LA_1min. 0/1 min. 5.50/ 4.00 6.28/5.59 0.340/0.355 
#50-16%_AMB_LA_5min. 0/5 min. 5.50/ 3.25 6.28/4.96 0.340/0.413 
#50-16%_AMB_LA_M1 1800 rpm 6.50 5.10 0.200 
#50-16%_AMB_LA_M2 2800 rpm 2.50 4.29 0.212 
#50-16%_AMB_LA_M3 4800 rpm 4.25 4.96 0.200 
AEC_LA_M1 1800 rpm 6.00 8.38 0.196 
AEC_LA_M2 2800 rpm 4.50 6.43 0.213 
AEC_LA_M3 4800 rpm 3.00 4.89 0.290 
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Figure 4.124: Comparison of Fresh and Hardened Air Content of #50-16% Cryogenic 
Specimens for Various Vibration Times at 2800 rpm 
 
 
 
Figure 4.125: Comparison of Fresh and Hardened Air Content and Spacing Factor of #50-
16%_CRY_LA Specimens at Various Vibration Times 
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Figure 4.126: Comparison of Fresh and Hardened Air Content of #50-16% Ambient Specimens 
for Various Vibration Times 
 
 
Figure 4.127:Comparison of Fresh and Hardened Air Content and Spacing Factor of #50-
16%_AMB_LA Specimens at Various Vibration Times 
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Figure 4.128: Comparison of Fresh and Hardened Air Content and Spacing Factor of #50-
16%_AMB_LA Specimens at Various Vibration Frequencies 
 
 
 
Figure 4.129: Comparison of Fresh and Hardened Air Content of #50-16% Ambient Specimens 
with Low Alkali Cement for Various Vibration Frequencies 
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Figure 4.130: Comparison of Fresh and Hardened Air Content of Air Entrained Concrete 
Ambient Specimens with Low Alkali Cement for Various Vibration Frequencies 
 
 
 
Figure 4 131: Comparison of Fresh and Hardened Air Content and Spacing Factor of #50-
16%_AMB_LA Specimens at Various Vibration Frequencies 
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Figure 4.132: Comparison of Fresh and Hardened Air Content and Spacing Factor of Air 
Entrained Concrete Specimens at Various Vibration Frequencies 
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Increased vibration frequency of #50-16% ambient crumb rubber specimens also did not 
have significant effect on air content (Figure 4.129). Even if the fresh air content decreased with 
increased frequency hardened air content values remained between 4 to 5%. The spacing factors 
did not change with increase in vibration frequency. They remained close to 0.20 mm. Figures 
4.125, 4.127 and 4.128, 4.131 and 4.132 shows the variation in spacing factor due to various 
vibration time and frequency for cryogenic and ambient crumb rubber concrete specimens. It was 
also indicated through the statistical analysis that the hardened air content and spacing factors are 
affected by the different times of vibration of plastic concrete while different vibration frequency 
does not affect these factors significantly. 
Figures 4.133 through 4.151 shows the scatter plots between the air content, spacing 
factor, specific surface and void frequency against the durability factor for various parameters 
studied. As mentioned earlier, the durability factor of 60% is arbitrarily considered as adequate 
for good F-T performance the scattered points above 60% shows good performance. This also 
indicates a good correlation between these individual parameters with respect to the durability 
factors for all the factors affecting air content of rubberized concrete. 
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Figure 4.133: Relation between Durability Factor and Hardened Air Content for #50 and #100 
Size Rubber Concrete Specimens with Low Alkali Cement 
 
 
Figure 4.134: Relation between Durability Factor and Specific Surface for #50 and #100 Size 
Rubber Concrete Specimens with Low Alkali Cement 
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Figure 4.135: Relation between Durability Factor and Spacing Factor for #50 and #100 Size 
Crumb Rubber Specimens with Low Alkali Cement 
 
 
Figure 4.136: Relation between Durability Factor and Void Frequency for #50 and #100 Size 
Crumb Rubber Specimens with Low Alkali Cement 
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Figure 4.137: Relation between Durability Factor and Air Content for 16% and 24% 
Replacement Level for #50 and #100 Size fractions Rubber Concrete Specimens with Low Alkali 
Cement 
 
 
Figure 4.138: Relation between Durability Factor and Specific Surface for 16% and 24% 
Replacement Level for #50 and #100 Size fractions Rubber Concrete Specimens with Low Alkali 
Cement 
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Figure 4.139: Relation between Durability Factor and Spacing Factor for 16% and 24% 
Replacement Level for #50 and #100 Size fractions Rubber Concrete Specimens with Low Alkali 
Cement 
 
 
Figure 4.140: Relation between Durability Factor and Void Frequency for 16% and 24% 
Replacement Level for #50 and #100 Size fractions Rubber Concrete Specimens with Low Alkali 
Cement 
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Figure 4.141: Relation between Durability Factor and Air Content for Crumb Rubber Specimens 
with and without RHA and Low Alkali Cement 
 
 
Figure 4.142: Relation between Durability Factor and Spacing Factor for Crumb Rubber 
Specimens with and without RHA and Low Alkali Cement 
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Figure 4.143: Relation between Durability Factor and Void Frequency for Crumb Rubber 
Specimens with and without RHA and Low Alkali Cement 
 
 
Figure 4.144: Relation between Durability Factor and Air Content for Latex Rubber Emulsion 
Specimens with Low and High Alkali Cement 
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Figure 4.145: Relation between Durability Factor and Specific Surface for Latex Rubber 
Emulsion Specimens with Low and High Alkali Cement 
 
 
Figure 4.146: Relation between Durability Factor and Spacing Factor for Latex Rubber 
Emulsion Specimens with Low and High Alkali Cement  
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Figure 4.147: Relation between Durability Factor and Void Frequency for Latex Rubber 
Emulsion Specimens with Low and High Alkali Cement 
 
 
Figure 4.148: Relation between Durability Factor and Air Content for Crumb Rubber Concrete 
Specimens with and without Super-Plasticizer 
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Figure 4.149: Relation between Durability Factor and Specific Surface for Crumb Rubber 
Concrete Specimens with and without Super-Plasticizer 
 
 
Figure 4.150: Relation between Durability Factor and Spacing Factor for Crumb Rubber 
Concrete Specimens with and without Super-Plasticizer 
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Figure 4.151: Relation between Durability Factor and Void Frequency for Crumb Rubber 
Concrete Specimens with and without Super-Plasticizer 
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Cryogenic Dilatometer Test 
 
The results for length expansions in cryogenic dilatometer test are shown in Figure 4.152 
and 4.153 for ambient and cryogenic crumb rubber samples with and without rice husk ash 
respectively. Also the control concrete results are shown in Figure 4.154. All of these specimens 
were prepared using low alkali cement. Solid lines in the figures indicate differential expansion 
at time t, and the dashed line indicates sample temperature at time t. Initially as the sample at 
room temperature is cooled, it slowly decreases in length (1). At approximately -4.0 
0
C the water 
within the pores of the mortar specimen freezes which is indicated by a large upward spike on 
the plot (2). There is 9 to 10% volume increase of water when it changes from the liquid to solid 
phase. Expansion of water pushes a force on to the pore walls, causing the samples to increase in 
length. Water freezes at a temperature below 0
0
 C (32
0
 F). This rapid increase in length caused 
by the water freezing is termed as freezing expansion. 
As the mortar sample and ice continues to cool, sample length decreases (3). After 
decrease in temperature at approximately -15
0
 C, the sample is heated back to room temperature. 
As the heating begins, the sample slowly increases in length (4). At approximately 0
0
C (32
0
 F), 
the ice within the sample thaws releasing the pressure in the pores, causing rapid decrease in 
length (5). This rapid decrease in length is termed as thawing contraction or negative expansion. 
As the sample continues to be heated back to room temperature, it continues to slowly increase 
in length (6) (Seaverson 2000). From the figures it can be observed that there is a large 
difference expansion in and around room temperature. This difference is termed as residual 
expansion. This is the difference between the initial expansion due to freezing and final 
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expansion due to thermal expansion of the sample. It also indicates the damages in the sample 
due to expansive forces of freezing and thawing cycle. 
Table 4.39: Expansion Results of Residual Strain in Cryogenic Dilatometer Specimens 
 
Specimens Freezing Expansion Thermal 
Expansion 
Residual 
Expansion 
#50-16%_AMB_LA(1) -0.10 x 10
-3
 0.40 x 10
-3
 0.50 x 10
-3
 
#50-16%_AMB_LA(2) -0.20 x 10
-3
 0.40 x 10
-3
 0.60 x 10
-3
 
#50-16%_CRY_LA(1) -0.20 x 10
-3
 0.70 x 10
-3
 0.90 x 10
-3
 
#50-16%_CRY_LA(2) -0.15 x 10
-3
 0.40 x 10
-3
 0.65 x 10
-3
 
#50-16%_AMB_RHA_LA(1) -0.20 x 10
-3
 0.30 x 10
-3
 0.50 x 10
-3
 
#50-16%_AMB_RHA_LA(2) -0.10 x 10
-3
 0.15 x 10
-3
 0.25 x 10
-3
 
#50-16%_CRY_RHA_LA(1) -0.10 x 10
-3
 0.6 x 10
-3
 0.70 x 10
-3
 
#50-16%_CRY_RHA_LA(2) -0.10 x 10
-3
 0.5 x 10
-3
 0.60 x 10
-3
 
Control_LA(1) -0.52 x 10
-3
 -0.30 x 10
-3
 0.22 x 10
-3
 
Control_LA(2) -0.48 x 10
-3
 -0.16 x 10
-3
 0.32 x 10
-3
 
 
It can be observed from the results that as compared to the control specimens rubberized 
concrete specimens showed higher expansions and hence higher residual strains. Although the 
control specimens were subjected to different F-T temperatures than the rubberized concrete i.e. 
from +15
0
C to -25
0
C but data here is only used for comparison to show the difference in 
expansions. It was anticipated that the crumb rubber specimens would result in lower strains than 
control specimens however it was not true. Between the two ambient specimens with low alkali 
specimens did not have much difference in their residual strain after F-T test while there was 
more variability when RHA was added. On the other hand cryogenic specimens had higher 
variability between two specimens without RHA. This difference in the behavior of ambient and 
cryogenic crumb rubber mortar specimens without RHA may be due to the difference in surface 
texture of these particles. 
The rough texture of ambient particles provided better bonding resulting in lesser 
expansion values than corresponding cryogenic rubber particles. However when RHA was 
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added, the porosity of RHA particles in addition to the rough texture of ambient particles 
affected the expansion. On the other hand combination of RHA and cryogenic particles resisted 
the freeze thaw damages more effectively. Also the variability in results may be mainly due to 
the highly porous mortar samples. As stated in the description of preparation of the samples, it 
was difficult to obtain proper consolidation for the samples due to slender cross-sections. 
Adequate consolidation was not achieved throughout the length of the sample in a drinking straw 
hence lot of voids remained in the finished sample. Overall, cryogenic dilatometer test was not 
useful in predicting the behavior of rubberized mortar paste specimens in F-T regime. 
 
 
Figure 4.152: Time Based Plot of Comparison between Ambient and Cryogenic Crumb Rubber 
Mortar Specimens after Dilatometer Testing with Low Alkali Cement 
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Figure 4.153: Time Based Plot of Comparison between Ambient and Cryogenic Crumb Rubber 
Mortar Specimens after Dilatometer Testing with Low Alkali Cement and Rice Husk Ash 
 
 
Figure 4.154: Time Based Plot for Control Samples in Cryogenic Dilatometer Test 
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Discussion 
 
Effect of Surface Texture 
Crumb rubber particles are hydrophobic in nature due to their non-polar surface nature 
[Fedroff, 1996 and Siddique, 2004]. As a result when these particles come in contact with water 
their surface is difficult to wet and hence they tend to entrain an air void to minimize the surface 
area that is in contact with water as described earlier. Thus, when these particles are used as 
aggregate particles and blended in concrete, pockets of air surrounding each rubber particle are 
embedded into the matrix. Further, during the mixing process, these air voids are uniformly 
dispersed into the matrix resulting in a well distributed air system in concrete. This behavior is 
more prevalent with ambient crumb rubber particles than cryogenic crumb rubber due to the fact 
that ambient rubber particles have greater roughness and surface texture as compared to the 
cryogenic crumb rubber particles. In order to understand the difference in the surface texture of 
both the types of crumb rubber, magnified images of #8 sized rubber particles taken with a stereo 
microscope are shown in Figure 1.4 and 1.5 respectively. As the size of the particles decreases, 
more surface area is available hence more air entrainment is observed for finer particles. This 
tendency is true for both ambient and cryogenic rubber particles. 
It is obvious from the results of fresh and hardened air content with the low alkali cement 
that concrete with ambient rubber has higher air content than concrete with similarly sized 
cryogenic crumb rubber. Also the performance of ambient crumb rubber concrete specimens in 
F-T test is influenced by this improved air content. As seen from F-T results, all ambient rubber 
specimens outperformed the cryogenic rubber specimens in terms of their relative dynamic 
moduli and physical integrity (weight change and length change) even after 300 cycles of F-T. 
Also, concrete containing smaller sized rubber particles and higher dosages of rubber particles 
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showed superior F-T performance compared to coarser rubber particles and lower dosages of 
rubber particles. The only exception to this trend was observed in the case of cryogenic rubber 
particles. Although the performance of #50-16% and #50-24% cryogenic rubber concrete 
specimens was satisfactory, both #100-16% and #100-24% concrete specimens was inferior, 
particularly at 24% dosage level. The reasons for this discrepancy is not entirely clear, as the air 
content of concrete and the spacing factor for the #100-16% concrete was acceptable and 
comparable to other concrete mixtures that performed adequately. 
The pictures of F-T test samples at failure are shown in Appendix A. It can be seen that 
the cryogenic rubber samples showed more damages than the corresponding ambient rubber 
samples. Most of the cryogenic rubber samples failed due to severe cracking. However, ambient 
rubber samples were much intact even after 300 F-T cycles. The control concrete samples also 
showed severe cracking before failure at 240 cycles. Air entrained concrete samples showed 
increased scaling with increase in F-T cycles. High alkali crumb rubber samples also remained 
dimensionally intact after 300 F-T cycles. Latex rubber samples showed cracks similar to the 
control concrete samples. Rice Husk ash specimens with low alkali cement also showed less 
physical damages while those with high alkali cement showed large surface scaling and cracking. 
The crumb rubber specimens without super-plasticizers also remained dimensionally intact 
however they showed more surface scaling as compared to the specimens with super-plasticizer. 
Similarly the rubberized concrete specimens prepared for effect of vibration frequency and time 
study were also without significant damages or scaling after 300 F-T cycles. 
The pictures of rubberized concrete specimens with improved air bubbles in the cement 
matrix are shown in Appendix B. To distinguish the air bubbles from the crumb rubber particles, 
the test specimens of hardened air content prepared for microscopic examination were filled with 
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the red powder after the air content test and their magnified pictures were taken. The pictures 
clearly show the improved number of small air bubbles in all the polished crumb rubber 
specimens. Also, it can be seen that the air bubbles are spherical in shape indicating that they are 
effective in providing adequate F-T resistance similar to the air bubbles entrained due to the 
conventional air entraining admixtures. 
Effect of Specific Surface Area (SSA) 
The behavior of the rubberized concrete can also be explained based on the specific 
surface area (SSA) of the crumb rubber particles. SSA is the total surface area of a material per 
unit mass with the units of m
2
/gram or m
2
/kg. It was concluded from the past studies that the 
SSA values of ambient crumb rubber were higher than the cryogenic crumb rubber and also finer 
sizes has greater SSA than coarser crumb rubber (Putman, 2005). The SSA was determined using 
Brunauer, Emmett and Teller (BET) method for the investigations made by the same author. The 
relation between the SSA and particle size of crumb rubber is shown in the plot in Figure 4.155. 
The plot indicates that as the size of the crumb rubber particle decreases, SSA increases. It also 
shows that SSA is higher for ambient crumb rubber than cryogenic crumb rubber for similar size 
particles. Figure 4.156 shows the effect of SSA on the fresh air content for 8%, 16% and 24% 
replacement levels. A trend from the curve clearly shows that as the SSA increases, the fresh air 
content increases for all the three replacement levels. Also between the higher replacement levels 
i.e. 16% and 24%, 16% is observed to be higher than 24% replacement however the difference 
was not significant. Similar trend was observed from the results of hardened air content plot 
(Figure 4.157) indicating higher values for 24% replacement than 16% replacement levels while 
the difference was not very significant between the two replacement levels  
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Relation between SSA and spacing factor showed that as the replacement level increases 
the spacing factor decreases (Figure 4.158). For most of the finer size of crumb rubber curves R
2
 
values of more than 0.75 were obtained indicating good correlation between the various 
parameters. The relation between SSA and durability factor however showed very low R
2 
values 
displaying inadequately fitting curves (Figure 4.159). Hence it can be observed that SSA affects 
the air content more significantly than the F-T performance. Based on these results, irrespective 
of type of crumb rubber, to obtain certain amount of fresh air content or hardened air content, 
crumb rubber of certain SSA can be added to the portland cement concrete. 
Effect of SSA on compressive strength showed that as the SSA increased there was slight 
increase in the compressive strength for coarser sizes, while for the finer sizes, compressive 
strength decreased as indicated in Figure 4.160. This is due to the increased air content at higher 
replacement levels as seen from the previous plots. Hence from all these results it can be 
concluded that as the SSA increases, fresh and hardened air content increases resulting in 
reduction in compressive strength. 
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Figure 4.155: Relation between Specific Surface Area (SSA) Vs. Size of Crumb Rubber Particles 
 
 
Figure 4.156: Effect of SSA on Fresh Air Content of Crumb Rubber Concrete Mixes 
 
y = 0.0235x-0.91 
y = 0.0109x-0.847 
0.00
0.05
0.10
0.15
0.20
0.10 1.00 10.00
S
S
A
 m
2
/g
ra
m
s 
Rubber  Size (mm) 
Ambient Cryogenic
Ambient 
Cryogenic 
y = 8.2798x0.5481 
R² = 0.9426 
y = 23.393x0.5668 
R² = 0.8134 
y = 28.09x0.6672 
R² = 0.7704 
0.0
2.0
4.0
6.0
8.0
10.0
0.00 0.01 0.10 1.00
F
re
sh
 A
ir
 C
o
n
te
n
t 
(%
) 
Specific Surface Area m2/grams 
8%_Replacement 16%_Replacement 24%_Replacement
  198 
 
Figure 4.157: Effect of SSA on Hardened Air Content of Crumb Rubber Concrete 
 
 
Figure 4.158: Effect of SSA on Spacing Factor of Crumb Rubber Concrete 
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Figure 4.159: Effect of SSA on Durability Factor of Crumb Rubber Concrete 
 
  
 
Figure 4.160: Effect of SSA on Compressive Strength of Crumb Rubber Concrete 
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Effect of other factors affecting air content and F-T performance 
With the high alkali cement, both types of crumb rubber with finer size and higher 
replacement specimens performed well. Also, the comparison of the fresh air contents of both 
low and high alkali cement specimens with higher replacement levels and the finer size fractions 
showed that for majority of the specimens hardened air content values were greater than 
corresponding fresh air content values. This indicates that the crumb rubber introduces a stable 
system of air-voids into the rubberized concrete irrespective of type of cement used. The 
increased alkalinity in cement helps in improving the workability and stabilizing air bubbles in 
the system. 
Crumb rubber specimens with #50 size fractions RHA and low alkali cement showed that 
the higher carbon content does not affect the performance of these specimens in F-T regime. The 
hardened air content of these specimens was less than 4% however they performed well 
indicating that the even some air is lost due adsorption, an effective air-void still exists in the 
rubberized concrete with RHA and low alkali cement. However the performance of remaining 
specimens i.e. with #50 size high alkali cement and #100 size rubber concrete specimens with 
both low and high alkali cement was largely affected due to the addition of RHA. The high 
carbon content in RHA interfered with the air-void system created due to the addition of crumb 
rubber. The possible reason behind this behavior may be attributed to the highly porous nature of 
RHA. These porous RHA particles absorb water and create a matrix of fully saturated particles. 
Hence during the F-T test, RHA particles are ineffective in providing the stress releasing 
mechanism to the expansive stresses due to hydraulic pressures of F-T. Also there seems to be 
the size effect on the F-T performance. #50 size fractions performed better the #100 size fraction 
which needs to be studied in further depth. It was anticipated that the use of RHA will enhance 
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the F-T performance of rubberized concrete but the porous nature of RHA influenced this 
behavior. 
From the results of addition of latex emulsion it can be seen that the Acrylic latex 
emulsion was not effective in creating a good F-T performance in the modified concrete. 
However, the results of latex modified specimens with low alkali cement were satisfactory. The 
possible cause of poor performance of higher replacement levels and high alkali cement was not 
investigated further. However this behavior may be attributed to the lesser amount of rubber 
solids in the mix. This quantity of latex rubber solids was perhaps not sufficient to create an 
adequate air-void system of air bubbles into these types of concrete specimens. Also the higher 
alkali content in the cement is a possible reason to interfere with the air bubbles created in the 
latex modified concrete rendering it ineffective in F-T test. Other type of latex emulsions 
containing SBR may prove beneficial in improving the F-T performance. In actual practice latex 
or polymer in the form of surface coatings have been successfully used to improve the F-T 
performance. In this study in comparison to the crumb rubber modified specimens their F-T 
performance was inferior. 
As can be seen from the results of rubberized concrete specimens with and without super-
plasticizer indicates that their addition does not affect the air-void system of crumb rubber 
concrete. Even if the fresh air content values are affected the hardened air content values are 
satisfactory. The increase in fresh air content with super-plasticizer addition is likely due to the 
fact that with decreasing viscosity of concrete, it is easier for the hydrophobic rubber particle to 
entrap an air bubble to reduce its contact surface area with the surrounding water as it is 
introduced into the concrete mixture. However, in the absence of super-plasticizer the concrete is 
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of higher viscosity and the rubber particle is mechanically coerced into the concrete matrix. This 
process is less likely to entrap air voids and decrease the fresh air content values. 
However, the hardened air content values were higher implying that the hardened air 
content in crumb rubber concrete is not affected by the addition of these admixtures and the 
generated air-void system due to addition of the crumb rubber is sustainable. However, the 
gradual increase in the scaling with increasing F-T cycles may be due to the higher water/ 
cement ratio used for these mixes. 
Vibration study on the rubberized specimens showed that there is a minimal effect on the 
air-void system generated due to the crumb rubber addition. For cryogenic specimens, only 3 
min. vibration time at 2800 rpm showed slight decrease in durability factor as compared to the 
other specimens. However, the durability factor for 3 min. vibration time was 75 which is 
adequate for good F-T performance. The factor of more interest is that the specimens vibrated for 
1 min. and 5 min. showed similar performance and prolonged vibration time did not have any 
effect on the air-void system. The spacing factor for longer vibration durations were larger than 
shorter vibration period and was proportional to the vibration time while exhibiting the durability 
factors more than 80%. 
In case of #50 size ambient crumb rubber specimens however the durability factors for 
the rubberized concrete specimens vibrated for 1 min. and 5 min. at 2800 rpm were below 60%. 
On the other hand the different consolidation frequencies did not have significant effect on the 
durability factors. For increased frequency for constant 3 min. vibration these samples performed 
very well with durability factors more than 70%. The reason behind this was not fully 
understood. 
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Summary of Major Findings 
 
Major findings from above study are listed below. 
1) Fresh concrete properties such as unit weight and slump decreased with the higher 
replacement levels of crumb rubber at all size fractions. Similar trends were observed for 
both the types of rubber (i.e. ambient and cryogenic). 
2) Air content of fresh concrete increased with decrease in particle size and increase in the 
amount of rubber. 
3) Increase in rubber content decreased the compressive strength of the concrete 
significantly, regardless of type of rubber. 
4) Concrete with smaller particle size of rubber performed better in F-T test. Rubber size 
fractions #50 and #100 sizes showed better F-T performance, similar to air-entrained 
concrete, compared to concrete with coarser sized rubber particles. Similar trends were 
observed in concretes containing ambient and cryogenic rubber, with the exception of 
#100 sized particles. 
5) Concrete containing coarser ambient rubber particles showed better F-T performance 
compared to the coarser cryogenic rubber. Concrete with ambient rubber showed minimal 
physical damage in the form of scaling or cracking as compared to concrete with 
cryogenic rubber in F-T test at all size levels of rubber. 
6) Hardened air content values for smaller rubber sizes were higher for higher replacement 
levels for both types of crumb rubber. The air content of concrete with 16% and 24% 
rubber dosage levels was more than 4%, with spacing factor ranging between 0.178 to 
0.305 mm indicating better F-T resistant concrete. 
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7) Fresh concrete properties such as unit weight decreased with the higher replacement 
levels of crumb rubber at both size fractions of rubberized concrete with high alkali 
cement. Workability improved due to the addition of high alkali cement as compared to 
the corresponding low alkali cement rubber concrete mixes. Similar trends were observed 
for both the types of rubber i.e. ambient and cryogenic. 
8) Fresh air content increased due to the addition of finer rubber particles in the rubberized 
concrete with high alkali cement. Higher air contents were observed for #100 size 
fraction than #50 size fractions of crumb rubber. Air content of fresh concrete increased 
with the decrease in particle size and increase in the amount of rubber. 
9) Increase in rubber content decreased the compressive strength of the concrete 
significantly, regardless of the type of rubber. At 28 days, lesser compressive strength 
was observed with high alkali rubber concrete specimens as compared to the 
corresponding low alkali rubber concrete specimens due to increased air contents. 
10) Concrete containing #100 size fractions for both types of crumb rubber and replacement 
levels, performed better in F-T test and displayed higher durability factors, as compared 
to the #50 size fraction. The performance of #100 size cryogenic rubber concrete was 
better than corresponding low alkali cement concrete specimens. All the rubberized 
specimens with high alkali cement and two size fractions and both replacement levels 
showed minimal physical damage in the form of scaling or cracking. 
11) Hardened air content values for both size fractions for ambient crumb rubber concrete 
specimens with high alkali cement were higher as compared to the corresponding 
cryogenic rubber concrete specimens, therefore, spacing factors were lesser for these 
specimens as compared to the cryogenic crumb rubber concrete specimens. 
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12) Fresh air content of crumb rubber concrete decreased due to the addition of RHA when 
compared to the corresponding rubber concrete specimens without it. Similar trends were 
obtained for both #50 and #100 size fractions. 
13) Improved compressive strength of the rubberized concrete with RHA at 28 days was 
observed for both size fractions. 
14) Only #50-16% rubber concrete specimens with low alkali cement performed well in F-T. 
High alkali cement rubber concrete specimens did not perform well. Higher spacing 
factors were observed in the rubber concrete specimens with RHA however, #50-16% 
specimens with hardened air content of 3.91% and spacing factor 0.345 performed well. 
The size effect and dosage of RHA needs further investigations. 
15) Addition of latex emulsion decreased the fresh air content significantly. Similar trends 
were observed for both replacement levels and both types of cement. 
16) 28 days compressive strength of latex modified specimens with low alkali cement was 
higher as compared to the corresponding high alkali cement latex modified specimens. 
17) F-T performance of 10% replacement level latex modified concrete was satisfactory with 
durability factor of 65%. Other specimens failed prematurely. Lower hardened air content 
values were obtained for both replacement levels and types of cement. The spacing 
factors increased with increasing replacement by Latex emulsion and high alkali cement. 
Latex modified concrete specimens with 10% replacement and low alkali with 3.77% 
hardened air content and spacing factor 0.495 performed well in F-T test. 
18) Fresh air content of rubberized concrete mixes without super-plasticizer decreased by 
approximately 50% in comparison to the mixes with the addition of it due to higher 
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viscosity of the fresh concrete mix and the mechanical mixing of rubber particle into the 
concrete matrix affecting air entrainment. 
19) There was no significant difference between the F-T performance of the rubber concrete 
specimens with and without super-plasticizer. Only the durability factor of #50-16% 
cryogenic rubber concrete specimens without super-plasticizer was considerably less than 
the specimens with this admixture. 
20) Greater hardened air content values were obtained for the rubber concrete specimens 
without super-plasticizer with spacing factor less than corresponding specimens with 
super-plasticizer for #50 size fraction rubber concrete specimens with both types of 
rubber. The hardened air content and spacing factor of #100-24% ambient crumb rubber 
concrete specimens with super-plasticizer was higher than corresponding specimens 
without super-plasticizer. This indicated that the addition of super-plasticizer does not 
contribute to air entrainment in fresh concrete; it is added due to the addition of crumb 
rubber aggregates. 
21) Increased time of consolidation of #50-16% cryogenic specimens decreased the fresh air 
content. 
22) There was no significant difference between the durability factors of these specimens 
vibrated for 1 min. and 5 min. However there was slight decrease in the durability factor 
of specimens vibrated for 3 min. 
23) Hardened air content values and corresponding spacing factor increased with the 
vibration time. Highest air content of 5.17% was observed for the specimens vibrated for 
5 min. at 2800 rpm. 
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24) Increase in vibration time affected the performance of #50-16% ambient crumb rubber 
specimens. There was no correlation between the fresh air content values of rubber 
concrete specimens consolidated for 1 min., 3 min. and 5 min. at 2800 rpm. The fresh air 
content decreased for 3 min. vibration time but increased for 5 min. of vibration. 
25) F-T performance was hampered for the consolidation time of 1 min. and 5 min. Vibration 
for 3 min. gave higher durability factor to the concrete specimens as compared to 1 min. 
and 5 min. vibration. 
26) Even if higher hardened air content values were observed for the specimens vibrated for 1 
min. and 5 min. there spacing factors also were higher as compared to the specimens 
consolidated for 3 min. This indicated that increased vibration time increased the spacing 
factor. 
27) The #50-16% ambient rubber concrete specimens showed higher fresh air content at 1800 
rpm and 4800 rpm with decreased value at 2800 rpm. 
28) F-T performance was not affected by the different vibration frequencies of consolidation 
of fresh concrete. Highest durability factor was obtained for highest frequency of 
vibration. Higher hardened air content values were obtained for the specimens at all there 
vibration frequencies with spacing factor close to 0.200 mm. 
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CHAPTER FIVE 
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 
 
Conclusions 
 
The main focus of this research was to investigate how different types of crumb rubber, 
size of rubber particles and rubber content affects the F-T performance of rubberized portland 
cement concrete. Also, other parameters affecting the air entrainment in frost resistant concrete 
due to conventional air admixtures were investigated. Based on this research study following 
conclusions are drawn: 
1) Crumb rubber concrete containing finer size (#50 and #100) crumb rubber particles of 
ambient and cryogenic type at 16% and 24% replacement levels resulted in higher fresh 
and hardened air content and improved F-T performance as compared to the concrete 
containing coarser size (#8) rubber particles and non-air entrained control concrete. 
Amongst the coarser sizes, concrete containing ambient rubber particles showed better F-
T performance as compared to the cryogenic rubber particles. 
2) Crumb rubber concrete specimens with finer rubber sizes showed lesser physical 
damages and better crack resistance at the end of 300 F-T cycles as compared to the 
coarser size rubber concrete and control concrete specimens without any air entrainment. 
3) Specific surface area of crumb rubber particles of ambient and cryogenic type showed 
good correlation with fresh air content, hardened air content and spacing factor of crumb 
rubber concrete. Higher surface area resulted in increased values of fresh and hardened 
air content and decrease in compressive strength. 
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4) Increase in vibration time and frequency decreased the fresh and hardened air content and 
increased the spacing factor of concrete containing ambient crumb rubber. Durability 
factors of these specimens decreased due to increase in vibration time while increase in 
vibration frequency still resulted in durability factors greater than 60%. Similarly, 
increase in vibration time decreased the fresh air content of cryogenic crumb rubber 
concrete specimens while hardened air content did not show any significant difference in 
the values. Durability factors of these specimens were also found to be more than 60% 
indicating no negative effect due to increased vibration frequency. 
5) Crumb rubber concrete specimens with high alkali cement also displayed good F-T 
performance with lesser physical damages to the specimens after 300 F-T cycles, similar 
to the low alkali cement specimens. 
6) Performance of rubberized concrete specimens with RHA was negatively affected due to 
high alkali content of cement and size of crumb rubber particles as compared to low 
alkali cement specimens and failed early in F-T test. 
7) Improved F-T performance of crumb rubber concrete containing finer size and higher 
replacement with crumb rubber particles was also observed in the absence of HRWR 
indicating that air entrainment in the crumb rubber concrete is not influenced by their 
addition. 
8) The latex modified concrete specimens did not perform well in F-T test as compared to 
the crumb rubber concrete specimens indicating that adequate air void system is not 
created due to the natural latex emulsions in the concrete similar to the addition of crumb 
rubber particles. 
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9) The residual expansions in crumb rubber mortar paste were found to be higher than the 
control specimens without rubber in cryogenic dilatometer test. However, results of 
ASTM C666 do not corroborate the evidence from cryogenic dilatometer. Variability in 
test specimens and the dimension of the test specimens may be the cause of this 
inconsistency. 
 
Recommendations 
  
Based on this study to investigate the F-T performance of two types of cement with three 
size fractions and three replacement levels along with factors affecting their performance 
following recommendations are made. 
1) Finer size crumb rubber of ambient and cryogenic types with #50 and #100 sizes at 
higher replacement levels i.e. 16% and 24% have a greater potential to improve the F-
T durability of concrete containing them and hence can be used to prepare frost 
resistant concrete. 
2) F-T performance of the crumb rubber concrete is not significantly affected by any 
such factors as alkalinity of cement, absence of super-plasticizers and vibration 
frequency. Hence they have potential to overcome some of the issues related to the 
conventional air entraining admixtures used for producing frost resistant concrete. In 
turn they may also provide promising option for partial replacement to mineral 
aggregates. 
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3) Crumb rubber particles can be added to the portland cement concrete which requires 
low strength but higher durability such as precast panels for side-walks, highway 
noise barriers, external partition walls etc. 
 
Recommendations for Future Work 
 
1) Further work is necessary to study the freeze-thaw mechanism and creation of air-
void system due to inclusion of crumb rubber into concrete. Only one water/ cement 
ratio and one supplementary cementitious material i.e. rice husk ash was used in this 
study; future investigations may be focused on studying the effect of different water/ 
cement ratios, different fly ashes with the finer size and higher replacement levels of 
ambient and cryogenic crumb rubber aggregates.  
2) In addition, the effect of surface modification techniques to improve the bond 
between crumb rubber aggregates and cement paste and its further effect on strength 
and durability properties would be a useful research. 
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Appendix A 
Photographs of F-T Samples After the Test 
 
Ambient Rubber Cryogenic Rubber 
 
#8-8%_AMB_LA  
(300 F-T Cycles) 
 
#8-8%_CRY_LA 
(60 F-T Cycles) 
 
#8-16%_AMB_LA 
(300 F-T Cycles) 
 
#8-16%_CRY_LA 
(60 F-T Cycles) 
 
#8-24%_AMB_LA 
(300 F-T Cycles) 
 
#8-24%_CRY_LA 
(60 F-T Cycles) 
 
Photographs of F-T Specimens for #8-Size Crumb Rubber Size  
 
Cracking 
Cracking 
Cracking 
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Ambient Rubber Cryogenic Rubber 
 
#50-8%_AMB_LA 
(300 F-T Cycles) 
 
#50-8%_CRY_LA 
(60 F-T Cycles) 
 
#50-16%_AMB_LA 
(300 F-T Cycles) 
 
#50-16%_AMB_HA 
(240 F-T Cycles) 
 
#50-24%_AMB_LA 
(300 F-T Cycles) 
 
#50-24%_CRY_HA 
(270 F-T Cycles) 
 
Photographs of F-T Specimens for #50-Size Crumb Rubber Size 
 
 
 
 
 
Cracking 
Scaling 
Scaling 
Scaling 
Cracking Scaling 
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Ambient Rubber Cryogenic Rubber 
 
#100-8%_AMB_LA 
(300 F-T Cycles) 
 
#100-8%_AMB_LA 
(210 F-T Cycles) 
 
#100-16%_AMB_LA 
(300 F-T Cycles) 
 
#100-16%_CRY_LA 
(270 F-T Cycles) 
 
#100-24%_AMB_LA 
(300 F-T Cycles) 
 
#100-24%_CRY_LA 
(30 F-T Cycles) 
 
Photographs of F-T Specimens for #100-Size Crumb Rubber Size  
 
 
 
 
 
Cracking 
Cracking 
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Ambient Rubber Cryogenic Rubber 
 
#50-16%_AMB_HA 
(300 F-T Cycles) 
 
#50-16%_CRY_HA 
(300 F-T Cycles) 
 
#50-24%_AMB_LA 
(300 F-T Cycles) 
 
#50-24%_AMB_HA 
(300 F-T Cycles) 
 
#100-16%_AMB_HA 
(300 F-T Cycles) 
 
#100-16%_CRY_HA 
(300 F-T Cycles) 
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#100-24%_AMB_HA 
(300 F-T Cycles) 
 
#100-24%_CRY_HA 
(300 F-T Cycles) 
 
CONTROL_HA 
(300 F-T Cycles) 
 
AEC_HA 
(300 F-T Cycles) 
 
Control_LA 
(150 F-T Cycles) 
 
AEC_LA 
(300 F-T Cycles) 
 
Photographs of F-T Specimens for # 50 and #100-Size Crumb Rubber with High Alkali 
Cement  
Cracking Scaling 
Cracking 
Scaling 
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#50-16%_AMB_RHA_LA 
(300 F-T Cycles) 
 
#50-16%_AMB_RHA_HA 
(60 F-T Cycles) 
 
#100-16%_AMB_RHA_LA 
(300 F-T Cycles) 
 
#100-16%_AMB_RHA_HA 
(60 F-T Cycles) 
 
CONTROL_RHA_LA 
(90 F-T Cycles) 
 
CONTROL_RHA_HA 
(30 F-T Cycles) 
 
Photographs of F-T Specimens with Rice Husk Ash  
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#LATEX_10%_LA 
(300 F-T Cycles) 
 
#LATEX_10%_HA 
(120 F-T Cycles) 
 
#LATEX_20%_LA 
(120 F-T Cycles) 
 
 
#LATEX_20%_HA 
(30 F-T Cycles) 
 
 
Photographs of F-T Crumb Rubber Concrete Specimens with Latex Emulsion  
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#50-16%_AMB_LA_NO_SP 
(300 F-T Cycles) 
 
#50-16%_CRY_LA_NO_SP 
(300 F-T Cycles) 
 
#100-24%_AMB_LA_NO_SP 
(300 F-T Cycles) 
 
Photographs of Crumb Rubber Concrete without Super-Plasticizer Hardened Air Content 
Samples 
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#50-16%_CRY_LA_M1 
(300 F-T Cycles) 
 
#50-16%_CRY_LA_M2 
(300 F-T Cycles) 
 
#50-16%_CRY_LA_M3 
 (300 F-T Cycles)  
 
Photographs of Hardened Air Content Cryogenic Crumb Rubber Concrete Specimens for 
Various Vibration Times 
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#50-16%_AMB_LA_M1  
(300 F-T Cycles) 
 
#50-16%_AMB_LA_M2 
(300 F-T Cycles) 
 
#50-16%_AMB_LA_M3 
(300 F-T Cycles) 
 
#50-16%_AMB_LA_1 min. 
(300 F-T Cycles) 
 
#50-16%_AMB_LA_5 min. 
(300 F-T Cycles) 
 
Photographs of Hardened Air Content Ambient Crumb Rubber Concrete Specimens for Various 
Vibration Times 
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Appendix B 
Photographs of Hardened Air Content Samples 
Photographs of #8 Size Low Alkali Cement Concrete Hardened Air Content Samples 
 
#8-8% AMB 
 
#8-8% CRY 
 
#8-16% AMB 
 
#8-16% CRY 
 
#8-24% AMB 
 
#8-24% CRY 
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Photographs of #50 Size Low Alkali Cement Concrete Hardened Air Content Samples 
 
 
#50-8% AMB 
 
#50-8% CRY 
 
#50-16% AMB 
 
#50-16% CRY 
 
#50-24% AMB 
 
#50-24% CRY 
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Photographs of #100 Size Low Alkali Cement Concrete Hardened Air Content Samples 
 
 
#100-8% AMB 
 
#100-8% CRY 
 
#100-16% AMB 
 
#100-16% CRY 
 
#100-24% AMB 
 
#100-24% CRY 
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Photographs of #50 Size High Alkali Cement Concrete Hardened Air Content Samples 
 
 
#50-16% _AMB_HA 
 
#50-16%_ CRY_HA 
 
#100-16%_AMB_HA 
 
#100-16% CRY_HA 
 
#CONTROL_HA 
 
#AEC_HA 
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Photographs of #100 Size High Alkali Cement Concrete Hardened Air Content Samples 
 
 
#100-16%_AMB_HA 
 
#100-16% CRY_HA 
 
#100-24%_ AMB_HA 
 
#100-24%_ CRY_HA 
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Photographs of #50 and #100 Size Rice Husk Ash Hardened Air Content Samples 
 
 
#50-16%_AMB_RHA_LA 
 
#50-16%_AMB_RHA_LA 
 
#100-16%_AMB_RHA_LA 
 
#100-16%_AMB_RHA_LA 
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Photographs of Control and Air Entrained Concrete Rice Husk Ash Hardened Air Content 
Samples 
 
 
#CONTROL_RHA_LA 
 
#CONTROL_RHA_LA 
 
#AEC_RHA_LA 
 
#AEC_RHA_LA 
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Photographs of Crumb Rubber Concrete with Latex Emulsion Hardened Air Content 
Samples 
 
 
#LATEX_10%_LA 
 
#LATEX_20%_HA 
 
#LATEX_20%_LA 
 
#LATEX_20%_HA 
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Photographs of Crumb Rubber Concrete without Super-Plasticizer Hardened Air Content 
Samples 
 
 
#50-16%_AMB_LA_NO_SP 
 
#50-16%_CRY_LA_NO_SP 
 
#100-24%_AMB_LA_NO_SP 
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Photographs of Hardened Air Content Cryogenic Crumb Rubber Concrete Specimens for 
Various Vibration Times 
 
 
#50-16%_CRY_LA_M1 
 
#50-16%_CRY_LA_M2 
 
#50-16%_CRY_LA_M3 
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Photographs of Hardened Air Content Ambient Crumb Rubber Concrete Specimens for 
Various Vibration Times 
 
 
#50-16%_AMB_LA_M1 
 
#50-16%_AMB_LA_M2 
 
#50-16%_AMB_LA_M3 
 
#50-16%_AMB_LA_1-0 
 
#50-16%_AMB_LA_1-1 
 
#50-16%_AMB_LA_5-5 
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Appendix D 
STATISTICAL ANALYSIS 
 
The statistical analysis of various parameters affecting the fresh and hardened concrete 
properties of rubberized concrete was conducted using the statistical analysis software JMP. The 
results of analysis are presented below 
 
1) JMP Analysis of Low Alkali Cement Specimens 
Statistical analysis of effect of two types crumb rubber, three size fractions and three 
replacement levels of crumb rubber on fresh air content, unit weight and hardened air content 
including spacing factor of rubberized concrete is presented below. The p-value of in ANOVA 
table is 0.0406 < 0.05 table which indicates that the effect of all these parameters on fresh air 
content is significant. Effect tests show that the type, size and replacement all the three variables 
are significant but the two way interactions are not significant. Similarly the effect of these 
factors is significant on unit weight of rubberized concrete. Effect tests indicated that the type, 
size and replacement of all three variables are significant while two way interactions between 
Type*Size and Type*Replacement are not significant while the interactions between 
Size*Replacement is significant. Results of hardened air content indicated that the type, size and 
replacement are all significant along-with the interactions between Type 1*Replacement 3, Type 
2*Replacement1 and Size 1*Replacement 1. P-value of Spacing factor is also significant. Size 
and replacement are significant while type of rubber is not significant. Also the 
Size*Replacement interaction is significant. 
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Response Fresh Air Content 
 
Summary of Fit 
RSquare 0.955712 
RSquare Adj 0.811777 
Root Mean Square Error 0.879946 
Mean of Response 2.986111 
Observations (or Sum Wgts) 18 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 13 66.836806 5.14129 6.6399 
Error 4 3.097222 0.77431 Prob > F 
C. Total 17 69.934028  0.0406* 
     
Effect Tests 
Source Nparm DF Sum of 
Squares 
F Ratio Prob > F 
Type 1 1 12.920139 16.6861 0.0150* 
Size 2 2 26.027778 16.8072 0.0113* 
Replacement 2 2 20.131944 13.0000 0.0178* 
Type*Size 2 2 0.694444 0.4484 0.6672 
Type*Replacement 2 2 2.256944 1.4574 0.3346 
Size*Replacement 4 4 4.805556 1.5516 0.3404 
 
Response Unit Weight 
 
Summary of Fit 
RSquare 0.99125 
RSquare Adj 0.96282 
Root Mean Square Error 14.5992 
Mean of Response 2243.55 
Observations (or Sum Wgts) 18 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 13 96607.889 7431.38 34.8664 
Error 4 852.556 213.14 Prob > F 
C. Total 17 97460.444  0.0018* 
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Effect Tests 
Source Nparm DF Sum of 
Squares 
F Ratio Prob > F 
Type 1 1 3472.222 16.2909 0.0157* 
Size 2 2 20827.444 48.8589 0.0015* 
Replacement 2 2 48163.444 112.9861 0.0003* 
Type*Size 2 2 1465.444 3.4378 0.1353 
Type*Replacement 2 2 1464.778 3.4362 0.1354 
Size*Replacement 4 4 21214.556 24.8835 0.0044* 
 
Response Hardened Air Content 
 
Summary of Fit 
RSquare 0.984545 
RSquare Adj 0.934318 
Root Mean Square Error 0.483598 
Mean of Response 4.062222 
Observations (or Sum Wgts) 18 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 13 59.594844 4.58422 19.6018 
Error 4 0.935467 0.23387 Prob > F 
C. Total 17 60.530311  0.0055* 
     
Effect Tests 
Source Nparm DF Sum of 
Squares 
F Ratio Prob > 
F 
Type 1 1 7.372800 31.5257 0.0049* 
Size 2 2 32.835211 70.2007 0.0008* 
Replacement 2 2 12.273878 26.2412 0.0050* 
Type*Size 2 2 2.058433 4.4009 0.0976 
Type*Replacement 2 2 2.379100 5.0864 0.0797 
Size*Replacement 4 4 2.675422 2.8600 0.1666 
 
Response Spacing Factor 
 
Summary of Fit 
RSquare 0.986988 
RSquare Adj 0.944697 
Root Mean Square Error 0.04513 
Mean of Response 0.400778 
Observations (or Sum Wgts) 18 
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Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 13 0.61793822 0.047534 23.3383 
Error 4 0.00814689 0.002037 Prob > F 
C. Total 17 0.62608511  0.0039* 
     
Effect Tests 
Source Nparm DF Sum of 
Squares 
F Ratio Prob > F 
Type 1 1 0.00657422 3.2278 0.1468 
Size 2 2 0.47772211 117.2772 0.0003* 
Replacement 2 2 0.03147244 7.7262 0.0423* 
Type*Size 2 2 0.01881678 4.6194 0.0913 
Type*Replacement 2 2 0.02246711 5.5155 0.0708 
Size*Replacement 4 4 0.06088556 7.4735 0.0385* 
     
Response Compressive Strength 
The ANOVA table and other significant parameters are included in the results. P-value in 
ANOVA table indicates that there is a significant difference in the mean values of different 
variables. p-values obtained from the analysis indicate significant effect of type, size, 
replacement and days on compressive strength data as seen from Effect Tests. Also, the two way 
interactions between Type*Size, Type*Replacement, Type*Days, Size*Replacement and 
Size*Days are significant. Three way interactions between Type*Size*Replacement levels is 
also significant. 
Summary of Fit 
RSquare 0.93819 
RSquare Adj 0.906756 
Root Mean Square Error 331.2572 
Mean of Response 4691.34 
Observations (or Sum Wgts) 265 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 89 291476063 3275012 29.8457 
Error 175 19202979 109731 Prob > F 
C. Total 264 310679041  <.0001* 
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Effect Tests 
Source Nparm DF Sum of 
Squares 
F Ratio Prob > F 
Type 1 1 735562 6.7033 0.0104* 
Size 2 2 5358121 24.4147 <.0001* 
Replacement 2 2 110124397 501.7911 <.0001* 
Days 4 4 104312708 237.6548 <.0001* 
Type*Size 2 2 26260722 119.6592 <.0001* 
Type*Replacement 2 2 7442513 33.9124 <.0001* 
Type*Days 4 4 1147709 2.6148 0.0369* 
Size*Replacement 4 4 13407947 30.5472 <.0001* 
Size*Days 8 8 2786938 3.1747 0.0022* 
Replacement*Days 8 8 1484224 1.6907 0.1035 
Type*Size*Replacement 4 4 10820961 24.6533 <.0001* 
Type*Size*Days 8 8 1361570 1.5510 0.1429 
Type*Replacement*Days 8 8 522418 0.5951 0.7811 
Size*Replacement*Days 16 16 1870648 1.0655 0.3916 
 
Response of Durability Factor 
The results of effect of type, size and replacement on durability factor show that type of 
crumb rubber and size are significant however the replacement is not significant. The effective 
interactions are shown in Effect Tests. 
Summary of Fit 
RSquare 0.580383 
RSquare Adj 0.405543 
Root Mean Square Error 24.76931 
Mean of Response 42.22222 
Observations (or Sum Wgts) 18 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 5 10182.889 2036.58 3.3195 
Error 12 7362.222 613.52 Prob > F 
C. Total 17 17545.111  0.0411* 
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Effect Tests 
Source Nparm DF Sum of 
Squares 
F Ratio Prob > 
F 
Type of Rubber 1 1 4050.0000 6.6013 0.0246* 
Size 2 2 5348.7778 4.3591 0.0378* 
Replacement 2 2 784.1111 0.6390 0.5449 
 
2) JMP analysis for effect of alkalinity of cement 
The results of the effect type of rubber, size and replacement with both types of cement 
on fresh air content, hardened air content and compressive strength and durability factors of 
rubber concrete, shows that none of these factors are significant including their interactions. 
Response Fresh Air Content 
 
Summary of Fit 
RSquare 0.989123 
RSquare Adj 0.836846 
Root Mean Square Error 0.5 
Mean of Response 4.90625 
Observations (or Sum Wgts) 16 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 14 22.734375 1.62388 6.4955 
Error 1 0.250000 0.25000 Prob > F 
C. Total 15 22.984375  0.2993 
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Effect Tests 
Source Nparm DF Sum of 
Squares 
F Ratio Prob > F 
Type 1 1 6.8906250 27.5625 0.1198 
Size 1 1 2.2500000 9.0000 0.2048 
Replacement 1 1 0.0625000 0.2500 0.7048 
Cement Type 1 1 0.2500000 1.0000 0.5000 
Type*Size 1 1 0.5625000 22500 0.3743 
Type*Replacement 1 1 0.2500000 1.0000 0.5000 
Type*Cement Type 1 1 2.2500000 9.0000 0.2048 
Size*Replacement 1 1 0.1406250 0.5625 0.5903 
Size*Cement Type 1 1 3.5156250 14.0625 0.1659 
Replacement*Cement Type 1 1 0.7656250 3.0625 0.3305 
Type*Size*Replacement 1 1 0.3906250 1.5625 0.4296 
Type*Size*Cement Type 1 1 1.2656250 5.0625 0.2662 
Type*Replacement*Cement 
Type 
1 1 1.8906250 7.5625 0.2220 
Size*Replacement*Cement 
Type 
1 1 2.2500000 9.0000 0.2048 
 
Response Hardened Air Content 
 
Summary of Fit 
RSquare 0.96672 
RSquare Adj 0.500794 
Root Mean Square Error 0.96 
Mean of Response 5.92625 
Observations (or Sum Wgts) 16 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 14 26.770375 1.91217 2.0748 
Error 1 0.921600 0.92160 Prob > F 
C. Total 15 27.691975  0.5011 
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Effect Tests 
Source Nparm DF Sum of 
Squares 
F Ratio Prob > F 
Type 1 1 9.0000000 9.7656 0.1972 
Size 1 1 5.2212250 5.6654 0.2532 
Replacement 1 1 0.9025000 0.9793 0.5033 
Cement Type 1 1 2.3870250 2.5901 0.3539 
Type*Size 1 1 0.1369000 0.1485 0.7658 
Type*Replacement 1 1 0.0132250 0.0144 0.9241 
Type*Cement Type 1 1 0.0729000 0.0791 0.8255 
Size*Replacement 1 1 0.2862250 0.3106 0.6763 
Size*Cement Type 1 1 1.2544000 1.3611 0.4511 
Replacement*Cement Type 1 1 0.1260250 0.1367 0.7745 
Type*Size*Replacement 1 1 0.5776000 0.6267 0.5737 
Type*Size*Cement Type 1 1 3.2942250 3.5745 0.3097 
Type*Replacement*Cement 
Type 
1 1 1.7292250 1.8763 0.4015 
Size*Replacement*Cement Type 1 1 5.2212250 5.6654 0.2532 
 
Response 7 Days Strength 
 
Summary of Fit 
RSquare 0.996465 
RSquare Adj 0.946982 
Root Mean Square Error 0.925 
Mean of Response 25.73125 
Observations (or Sum Wgts) 16 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 14 241.21875 17.2299 20.1372 
Error 1 0.85562 0.8556 Prob > F 
C. Total 15 242.07437  0.1731 
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Effect Tests 
 
Source Nparm DF Sum of 
Squares 
F Ratio Prob > F 
Type 1 1 44.555625 52.0738 0.0877 
Size 1 1 1.265625 1.4792 0.4381 
Replacement 1 1 98.505625 115.1271 0.0592 
Cement Type 1 1 29.975625 35.0336 0.1066 
Type*Size 1 1 15.015625 17.5493 0.1492 
Type*Replacement 1 1 6.375625 7.4514 0.2236 
Type*Cement Type 1 1 1.500625 1.7538 0.4117 
Size*Replacement 1 1 7.700625 9.0000 0.2048 
Size*Cement Type 1 1 7.425625 8.6786 0.2083 
Replacement*Cement Type 1 1 2.975625 3.4777 0.3134 
Type*Size*Replacement 1 1 5.640625 6.5924 0.2364 
Type*Size*Cement Type 1 1 1.050625 1.2279 0.4674 
Type*Replacement*Cement 
Type 
1 1 10.080625 11.7816 0.1805 
Size*Replacement*Cement Type 1 1 9.150625 10.6947 0.1889 
 
Response 28 Days Strength 
 
Summary of Fit 
RSquare 0.989695 
RSquare Adj 0.845426 
Root Mean Square Error 2.025 
Mean of Response 30.69375 
Observations (or Sum Wgts) 16 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 14 393.82875 28.1306 6.8601 
Error 1 4.10063 4.1006 Prob > F 
C. Total 15 397.92938  0.2917 
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Effect Tests 
 
Source Nparm DF Sum of 
Squares 
F Ratio Prob > F 
Type 1 1 21.39063 5.2164 0.2627 
Size 1 1 5.64063 1.3756 0.4495 
Replacement 1 1 196.70063 47.9684 0.0913 
Cement Type 1 1 13.14062 3.2045 0.3243 
Type*Size 1 1 30.52563 7.4441 0.2237 
Type*Replacement 1 1 17.85063 4.3531 0.2845 
Type*Cement Type 1 1 19.14063 4.6677 0.2760 
Size*Replacement 1 1 0.85563 0.2087 0.7272 
Size*Cement Type 1 1 8.85062 2.1584 0.3805 
Replacement*Cement Type 1 1 38.75063 9.4499 0.2002 
Type*Size*Replacement 1 1 0.00063 0.0002 0.9921 
Type*Size*Cement Type 1 1 16.60563 4.0495 0.2936 
Type*Replacement*Cement 
Type 
1 1 3.90062 0.9512 0.5080 
Size*Replacement*Cement Type 1 1 20.47562 4.9933 0.2679 
 
Response Relative Dynamic Modulus 
Summary of Fit 
RSquare 0.609583 
RSquare Adj 0.5724 
Root Mean Square Error 10.10865 
Mean of Response 81.77574 
Observations (or Sum Wgts) 162 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 14 23453.456 1675.25 16.3943 
Error 147 15021.164 102.18 Prob > F 
C. Total 161 38474.620  <.0001* 
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Effect Tests 
Source Nparm DF Sum of 
Squares 
F Ratio Prob > F 
Type 1 1 416.385 4.0748 0.0453* 
Size 1 1 522.295 5.1113 0.0252* 
Replacement 1 1 216.950 2.1231 0.1472 
Cement Type 1 1 5.230 0.0512 0.8213 
Type*Size 1 1 27.215 0.2663 0.6066 
Type*Replacement 1 1 812.668 7.9529 0.0055* 
Type*Cement Type 1 1 1200.905 11.7523 0.0008* 
Size*Replacement 1 1 17047.325 166.8284 <.0001* 
Size*Cement Type 1 1 14.129 0.1383 0.7105 
Replacement*Cement Type 1 1 774.546 7.5799 0.0066* 
Type*Size*Replacement 1 1 285.865 2.7975 0.0965 
Type*Size*Cement Type 1 1 669.592 6.5528 0.0115* 
Type*Replacement*Cement 
Type 
1 1 193.135 1.8901 0.1713 
Size*Replacement*Cement Type 1 1 103.931 1.0171 0.3149 
 
3) JMP analysis of RHA Specimens 
The results of analysis of effect of size fraction, addition of RHA and type of cement on 
fresh air content, hardened air content and spacing factor shows that the size of crumb rubber and 
addition of RHA has significant effect, however effect of type of cement is not significant. Also 
there was no significant effect of these parameters on the 7 days or 28 days compressive strength 
of RHA concrete specimens. 
 
Response Fresh Air Content 
 
Summary of Fit 
RSquare 0.706272 
RSquare Adj 0.559407 
Root Mean Square Error 1.263057 
Mean of Response 3.5625 
Observations (or Sum Wgts) 16 
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Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 5 38.359375 7.67188 4.8090 
Error 10 15.953125 1.59531 Prob > F 
C. Total 15 54.312500  0.0169* 
 
Effect Tests 
Source Nparm DF Sum of 
Squares 
F Ratio Prob > 
F 
Size 3 3 28.968750 6.0529 0.0128* 
RHA 1 1 9.000000 5.6415 0.0389* 
Cement Type 1 1 0.390625 0.2449 0.6314 
 
Response Hardened Air Content 
 
Summary of Fit 
RSquare 0.707231 
RSquare Adj 0.560846 
Root Mean Square Error 1.349846 
Mean of Response 4.06125 
Observations (or Sum Wgts) 16 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 5 44.015325 8.80307 4.8313 
Error 10 18.220850 1.82209 Prob > F 
C. Total 15 62.236175  0.0166* 
 
Effect Tests 
Source Nparm DF Sum of 
Squares 
F Ratio Prob > 
F 
Size 3 3 26.127875 4.7798 0.0257* 
RHA 1 1 17.347225 9.5205 0.0115* 
Cement Type 1 1 0.540225 0.2965 0.5980 
 
Response Spacing Factor 
 
Summary of Fit 
RSquare 0.728966 
RSquare Adj 0.593448 
Root Mean Square Error 0.13677 
Mean of Response 0.373125 
Observations (or Sum Wgts) 16 
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Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 5 0.50310850 0.100622 5.3791 
Error 10 0.18705925 0.018706 Prob > F 
C. Total 15 0.69016775  0.0117* 
 
Effect Tests 
Source Nparm DF Sum of 
Squares 
F Ratio Prob > F 
Size 3 3 0.34485825 6.1453 0.0122* 
RHA 1 1 0.12215025 6.5300 0.0286* 
Cement Type 1 1 0.03610000 1.9299 0.1949 
 
Response 7 Days Strength 
  
Summary of Fit 
RSquare 0.869222 
RSquare Adj 0.34611 
Root Mean Square Error 5.796317 
Mean of Response 33.50625 
Observations (or Sum Wgts) 16 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 12 669.91750 55.8265 1.6616 
Error 3 100.79188 33.5973 Prob > F 
C. Total 15 770.70938  0.3739 
 
Effect Tests 
Source Nparm DF Sum of 
Squares 
F Ratio Prob > F 
Size 3 3 347.07187 3.4435 0.1685 
RHA 1 1 1.05063 0.0313 0.8709 
Cement Type 1 1 41.28062 1.2287 0.3485 
Size*RHA 3 3 181.47188 1.8005 0.3205 
Size*Cement Type 3 3 96.56188 0.9580 0.5136 
RHA*Cement Type 1 1 2.48062 0.0738 0.8035 
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Response 28 Days Strength 
 
Summary of Fit 
RSquare 0.842023 
RSquare Adj 0.210117 
Root Mean Square Error 7.490494 
Mean of Response 40.675 
Observations (or Sum Wgts) 16 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 12 897.1675 74.7640 1.3325 
Error 3 168.3225 56.1075 Prob > F 
C. Total 15 1065.4900  0.4572 
 
Effect Tests 
Source Nparm DF Sum of 
Squares 
F Ratio Prob > F 
Size 3 3 537.04500 3.1906 0.1831 
RHA 1 1 10.89000 0.1941 0.6893 
Cement Type 1 1 95.06250 1.6943 0.2840 
Size*RHA 3 3 135.36500 0.8042 0.5690 
Size*Cement Type 3 3 103.20250 0.6131 0.6512 
RHA*Cement Type 1 1 15.60250 0.2781 0.6345 
 
 
Response Durability Factors 
Analysis of the effect of size fraction, addition of RHA and type of cement on the 
durability factor is conducted. The results show that size and addition of RHA have significant 
effect on durability factors. 
Response DF 
 
Summary of Fit 
RSquare 0.752457 
RSquare Adj 0.611004 
Root Mean Square Error 21.09921 
Mean of Response 44.33333 
Observations (or Sum Wgts) 12 
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Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 4 9472.429 2368.11 5.3195 
Error 7 3116.238 445.18 Prob > F 
C. Total 11 12588.667  0.0274* 
 
Effect Tests 
Source Nparm DF Sum of 
Squares 
F Ratio Prob > F 
Size 2 2 5054.7619 5.6773 0.0343* 
Cement 1 1 1508.7619 3.3891 0.1082 
RHA 1 1 3136.3333 7.0451 0.0327* 
 
 
4) JMP Analysis of effect of SP 
The results of statistical analysis of effect of addition of super-plasticizers on fresh air 
content, hardened air content and spacing factor indicates that there is no significant effect of 
addition of this admixture to rubberized concrete. There is no significant change in the properties 
of rubberized concrete with or without super-plasticizer. 
 
Response Fresh Air Content 
 
Summary of Fit 
RSquare 0.957799 
RSquare Adj 0.929665 
Root Mean Square Error 0.370341 
Mean of Response 3.75 
Observations (or Sum Wgts) 6 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 2 9.3385417 4.66927 34.0443 
Error 3 0.4114583 0.13715 Prob > F 
C. Total 5 9.7500000  0.0087* 
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Effect Tests 
Source Nparm DF Sum of 
Squares 
F Ratio Prob > F 
Type 1 1 2.2968750 16.7468 0.0264* 
SP 1 1 7.0416667 51.3418 0.0056* 
 
Response Hardened Air Content 
 
Summary of Fit 
RSquare 0.235013 
RSquare Adj -0.27498 
Root Mean Square Error 1.399599 
Mean of Response 6.11 
Observations (or Sum Wgts) 6 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 2 1.8053667 0.90268 0.4608 
Error 3 5.8766333 1.95888 Prob > F 
C. Total 5 7.6820000  0.6691 
 
Effect Tests 
Source Nparm DF Sum of 
Squares 
F Ratio Prob > F 
Type 1 1 0.7803 0.3983 0.5728 
SP 1 1 1.0250 0.5233 0.5217 
 
Response Spacing Factor 
 
Summary of Fit 
RSquare 0.098624 
RSquare Adj -0.50229 
Root Mean Square Error 0.049864 
Mean of Response 0.2415 
Observations (or Sum Wgts) 6 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 2 0.00081617 0.000408 0.1641 
Error 3 0.00745933 0.002486 Prob > F 
C. Total 5 0.00827550  0.8558 
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Effect Tests 
Source Nparm DF Sum of Squares F Ratio Prob > F 
Type 1 1 0.0005880 0.2365 0.6601 
SP 1 1 0.00022817 0.0918 0.7817 
 
5) JMP Analysis of Vibration Study 
The analysis of effect of vibration time on fresh air content, hardened air content, spacing 
factor and 28 days compressive strength two types of crumb rubber shows that there is a 
significant effect of time of vibration on all the properties. 
Response Fresh Air Content 
 
Summary of Fit 
RSquare 0.963532 
RSquare Adj 0.945297 
Root Mean Square Error 0.505161 
Mean of Response 1.95 
Observations (or Sum Wgts) 16 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 5 67.423125 13.4846 52.8420 
Error 10 2.551875 0.2552 Prob > F 
C. Total 15 69.975000  <.0001* 
 
Effect Tests 
Source Nparm DF Sum of 
Squares 
F Ratio Prob > F 
Type 1 1 1.755625 6.8797 0.0255* 
Time 4 4 65.667500 64.3326 <.0001* 
 
Response Hardened Air Content 
 
Summary of Fit 
RSquare 0.984662 
RSquare Adj 0.976992 
Root Mean Square Error 0.405819 
Mean of Response 2.560625 
Observations (or Sum Wgts) 16 
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Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 5 105.72380 21.1448 128.3918 
Error 10 1.64689 0.1647 Prob > F 
C. Total 15 107.37069  <.0001* 
 
Effect Tests 
Source Nparm DF Sum of 
Squares 
F Ratio Prob > F 
Type 1 1 0.12426 0.7545 0.4054 
Time 4 4 105.59954 160.3011 <.0001* 
 
Response Spacing Factor 
 
Summary of Fit 
RSquare 0.976717 
RSquare Adj 0.965076 
Root Mean Square Error 0.030969 
Mean of Response 0.155375 
Observations (or Sum Wgts) 16 
 
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 5 0.40233500 0.080467 83.9006 
Error 10 0.00959075 0.000959 Prob > F 
C. Total 15 0.41192575  <.0001* 
 
Effect Tests 
Source Nparm DF Sum of 
Squares 
F Ratio Prob > F 
Type 1 1 0.00632025 6.5899 0.0280* 
Time 4 4 0.39601475 103.2283 <.0001* 
 
Response 28 Days Strength 
 
Summary of Fit 
RSquare 0.989049 
RSquare Adj 0.983574 
Root Mean Square Error 2.480512 
Mean of Response 18.49375 
Observations (or Sum Wgts) 16 
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Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 5 5557.2600 1111.45 180.6376 
Error 10 61.5294 6.15 Prob > F 
C. Total 15 5618.7894  <.0001* 
 
 
Effect Tests 
Source Nparm DF Sum of 
Squares 
F Ratio Prob > F 
Type 1 1 0.0156 0.0025 0.9608 
Time 4 4 5557.2444 225.7964 <.0001* 
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Appendix D 
Compressive Strength Data 
 
Table D. 1: Compressive Strength Data for #8 Size of Crumb Rubber at an Age of 7 Days 
Description Compressive Strength (Psi) Mean Std. Deviation 
#8-8% (AMB) 4870 5341 5198 5136 241.48 
#8-8% (CRY) 4612 4281 4285 4393 189.96 
#8-16% (AMB) 5706 5322 5437 5488 197.08 
#8-16% (CRY) 4020 4020 3281 3753 463.03 
#8-24% (AMB) 4524 4075 4310 4303 224.58 
#8-24% (CRY) 3703 3880 3593 3725 144.80 
 
Table D.2: Compressive Strength Data for #8 Size of Crumb Rubber at an Age of 28 Days 
Description Compressive Strength (Psi) Mean Std. Deviation 
#8-8% (AMB) 6414 6457 6238 6370 116.04 
#8-8% (CRY) 5260 5606 5684 5517 225.68 
#8-16% (AMB) 6452 5429 5963 5948 511.66 
#8-16% (CRY) 4765 4716 4731 4737 25.11 
#8-24% (AMB) 5760 5199 5192 5384 325.93 
#8-24% (CRY) 4235 4581 4242 4353 197.77 
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Table D.3: Compressive Strength Data for #50 Size of Crumb Rubber at an Age of 7 Days 
Description Compressive Strength (Psi) Mean Std. Deviation 
#50-8% (AMB) 5636 5852 5481 5656 186.33 
#50-8% (CRY) 5097 5074 5112 5094 19.14 
#50-16% (AMB) 4765 4861 4519 4715 176.40 
#50-16% (CRY) 4410 3971 4474 4285 273.81 
#50-24% (AMB) 3140 3112 2896 3049 133.53 
#50-24% (CRY) 3942 3714 4097 3918 192.66 
 
Table D.4: Compressive Strength Data for #50 Size of Crumb Rubber at an Age of 28 Days 
Description Compressive Strength (Psi) Mean Std. Deviation 
#50-8% (AMB) 6599 6596 6927 6707 190.24 
#50-8% (CRY) 5709 5758  5734 34.65 
#50-16% (AMB) 5151 5731 5148 5343 335.73 
#50-16% (CRY) 4959 4795 4373 4709 302.32 
#50-24% (AMB) 4026 3692 4028 3915 193.41 
#50-24% (CRY) 4468 4154 4791 4471 318.51 
 
Table D.5: Compressive Strength Data for #100 Size of Crumb Rubber at an Age of 7 Days 
Description Compressive Strength (Psi) Mean Std. Deviation 
#100-8% (AMB) 5287 5450 4872 5203 298.02 
#100-8% (CRY) 5059 5256 5209 5175 102.89 
#100-16% (AMB) 3350 3558 3824 3577 237.59 
#100-16% (CRY) 4338 4371 4280 4330 46.07 
#100-24% (AMB) 3481 2951 3258 3230 266.11 
#100-24% (CRY) 3821 3898 3685 3801 107.85 
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Table D.6: Compressive Strength Data for #100 Size of Crumb Rubber at an Age of 28 Days 
Description Compressive Strength (Psi) Mean Std. Deviation 
#100-8% (AMB) 6505 6309 6124 6313 190.53 
#100-8% (CRY) 6226 5939 5833 5999 203.33 
#100-16% (AMB) 4234 4300 4047 4194 131.23 
#100-16% (CRY) 5197 5487 5051 5245 221.93 
#100-24% (AMB) 3448 3979 3321 3583 349.06 
#100-24% (CRY) 4536 4523 4191 4417 195.54 
 
Table D.7: Compressive Strength Data for Control and Air Entrained Concrete at an Age of 7 and 28 Days 
Description Compressive Strength (Psi) Mean Std. Deviation 
Control 8059 8004 8023 8029 27.93 
Air Entrained Concrete 3850 4327 4191 4123 245.73 
Control 9601 9195 9311 9369 209.12 
Air Entrained Concrete 4858 5188 5142 5063 178.73 
 
 
Table D.8: Compressive Strength Data for High Alkali Crumb Rubber Concrete Specimens at an Age of 7 Days  
Description Compressive Strength (Psi) Mean Std. Deviation 
#50-16% (AMB) 3662 3842 3719 3741 91.99 
#50-16% (CRY) 3834 3935 3834 3868 58.31 
#50-24% (AMB) 2555 3074 2932 2854 268.22 
#50-24% (CRY) 3014 3102 3186 3101 86.01 
#100-16% (AMB) 3768 3825 3605 3733 114.18 
#100-16% (CRY) 4500 4119 4820 4480 350.94 
#100-24% (AMB) 2888 3218 2924 3010 181.03 
#100-24% (CRY) 3390 3536 3461 3462 73.01 
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Table D.9: Compressive Strength Data for High Alkali Crumb Rubber Concrete Specimens at an Age of 28 Days  
Description Compressive Strength (Psi) Mean Std. Deviation 
#50-16% (AMB) 4437 5069 4621 4709 325.06 
#50-16% (CRY) 4450 4680 4708 4613 141.57 
#50-24% (AMB) 3620 37673 3489 3624 137.04 
#50-24% (CRY) 3663 3453 3538 3551 105.63 
#100-16% (AMB) 5583 5398 5645 5542 128.50 
#100-16% (CRY) 5256 5334 5475 5355 111.00 
#100-24% (AMB) 3446 3302  3374 101.82 
#100-24% (CRY) 3850 3742 3812 3801 54.78 
  
Table D.10: Compressive Strength Data for RHA Specimens at an Age of 7 Days 
Description Compressive Strength (Psi) Mean 
Std. 
Deviation 
#50-16%_AMB_RHA_LA 4337 4699 4845 4627 261.54 
#100-16%_AMB_RHA_LA 5409 5192 5023 5208 193.50 
#50-16%_AMB_RHA_HA 4892 4767 4966 4875 100.58 
#100-16%_AMB_RHA_HA 4474 4576 4581 4544 60.38 
 
Table D.11: Compressive Strength Data for RHA Specimens at an Age of 28 Days 
Description Compressive Strength (Psi) Mean 
Std. 
Deviation 
#50-16%_AMB_RHA_LA 6258 6252 6332 6281 44.56 
#100-16%_AMB_RHA_LA 6344 6942 6359 6548 341.01 
#50-16%_AMB_RHA_HA 5918 5751 5766 5812 92.39 
#100-16%_AMB_RHA_HA 4670 4604 4537 4604 66.50 
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Table D.12: Compressive Strength Data for Latex Specimens at an Age of 7 Days 
Description Compressive Strength (Psi) Mean 
Std. 
Deviation 
Latex_10%_LA 4953 5290 5349 5197 213.65 
Latex_20%_LA 4111 4482 4284 4292 185.64 
Latex_10%_HA 4273 4430 4667 4457 198.35 
Latex_20%_HA 4219 4278 3424 3974 476.94 
 
Table D.13: Compressive Strength Data for Latex Specimens at an Age of 28 Days 
Description Compressive Strength (Psi) Mean 
Std. 
Deviation 
Latex_10%_LA 7326 7108 7417 7284 158.79 
Latex_20%_LA 6295 6473 6321 6363 96.15 
Latex_10%_HA 6522 6544 5997 6354 309.66 
Latex_20%_HA 5810 4899 5687 5465 494.30 
 
Table D.14: Compressive Strength Data for High Alkali Specimens at an Age of 7 Days  
Description Compressive Strength (Psi) Mean Std. Deviation 
CONTROL_HA 5693 5130  5412 398.10 
CONTROL_RHA_LA 5700 5570 5458 5576 121.11 
CONTROL_RHA_HA 4878 5116  4997 168.29 
AEC_HA 5255 -- -- 5255 -- 
AEC_RHA_LA 4823 5031 4801 4885 126.92 
AEC_RHA_HA 4496 4418 4552 4489 67.30 
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Table D.15: Compressive Strength Data for High Alkali Specimens at an Age of 28 Days  
Description Compressive Strength (Psi) Mean Std. Deviation 
CONTROL_HA 6164 6353 6615 6484 226.48 
CONTROL_RHA_LA 7710 7185 6897 7264 412.22 
CONTROL_RHA_HA 6174 6337 6359 6256 101.06 
AEC_HA 5478 5613 -- 5546 95.46 
AEC_RHA_LA 5939 6042 6143 5991 102.00 
AEC_RHA_HA 5333 5533 5604 5433 140.52 
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Appendix E 
Freeze-Thaw Test Data 
 
Table E.1: Length Change Data for #8 Rubber Concrete Specimens 
No. of 
Cycles 
Base 
Reading 
Comparator Readings 
Base 
Reading 
Comparator Readings 
Base 
Reading 
Comparator Readings 
Sample Sample Sample 
1 2 1 2 1 2 
 #8-8% (AMB)  #8-16% (AMB)  #8-24% (AMB) 
0 0.0573 0.3427 0.3450 0.0574 0.3013 0.3055 0.0575 0.4081 0.2230 
30 0.0575 0.3391 0.3429 0.0577 0.2929 0.3024 0.0578 0.4130 0.2210 
60 0.0581 0.3403 0.3455 0.0581 0.2941 0.3033 0.0582 0.4125 0.2242 
90 0.0594 0.3429 0.3485 0.0586 0.3000 0.3038 0.0583 0.4245 0.2278 
120 0.0578 0.3385 0.3486 0.0575 0.3027 0.3075 0.0583 0.4336 0.2349 
150 0.0588 0.3335 0.3481 0.0581 0.3016 0.3067 0.0589 0.4434 0.2360 
180 0.0581 0.3401 0.3578 0.0581 0.3082 0.3147 0.0581 0.4863 0.2530 
210 0.0587 0.3430 0.3648 0.0588 0.3108 0.3155 0.0588 0.5262 0.2619 
240 0.0538 0.3406 0.3640 0.0538 0.3092 0.3119 0.0539 0 0.2753 
270 0.0537 0.3427 0.3653 0.0536 0.3146 0.3167    
300 0.0530 0.3428 0.3654 0.0526 0.3171 0.3165    
 #8-8% (CRY)  #8-16% (CRY)  #8-24% (AMB) 
0 0.0088 0.3402 0.2842 0.0083 0.3312 0.3491 0.1404 0.3743 0.4653 
30 0.0068 0.3445 0.2885 0.0034 0.3364 0.3511 0.0563 0.3067 0.3889 
60 0.0073 0.3587 0.2928 0.0258 0.3759 0.4196 0.0556 0.3404 0.4139 
90 0.0154 0.4138 0.3655 0.0221 0.4413 0 0.0574 0.3880 0.4721 
120 0.0164 0.4571 0 0.0164 0.4609 0    
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Table E.2: Length Change Data for #50 Rubber Concrete Specimens 
No. of 
Cycles 
Base 
Reading 
Comparator Readings 
Base 
Reading 
Comparator Readings 
Base 
Reading 
Comparator Readings 
Sample Sample Sample 
1 2 1 2 1 2 
 #50-8% (AMB)  #50-16% (AMB)  #50-24% (AMB) 
0 0.0539 0.3426 0.3458 0.0576 0.2334 0.3918 0.0583 0.3283 0.2919 
30 0.0533 0.3458 0.3489 0.0579 0.2335 0.3894 0.0576 0.3286 0.2954 
60 0.0528 0.3448 0.3481 0.0571 0.2336 0.391 0.0577 0.3234 0.2952 
90 0.0527 0.3455 0.3485 0.0585 0.2328 0.3865 0.0580 0.3285 0.292 
120 0.0530 0.3469 0.3507 0.0582 0.2354 0.3924 0.0582 0.3297 0.2978 
150 0.0520 0.3483 0.3518 0.0582 0.2348 0.3905 0.0582 0.3296 0.2969 
180 0.0527 0.3548 0.3547 0.0545 0.2318 0.3854 0.0539 0.3263 0.2935 
210 0.0517 0.3552 0.3545 0.0525 0.2307 0.3842 0.0524 0.3256 0.2931 
240 0.0525 0.3602 0.3584 0.0525 0.2332 0.385 0.0526 0.3265 0.2931 
270 0.0526 0.3649 0.3628 0.0529 0.2354 0.3854 0.0521 0.3267 0.2936 
300 0.0509 0.3694 0.3659 0.0528 0.2391 0.3858 0.0528 0.3287 0.2947 
 #50-8% (CRY)  #50-16% (CRY)  #50-24% (AMB) 
0 0.0085 0.2681 0.3415 0.0072 0.3175 0.3077 0.0559 0.3489 0.3124 
30 0.0081 0.2693 0.3455 0.0041 0.3161 0.3021 0.0552 0.3509 0.3137 
60 0.0010 0.2597 0.3319 0.0154 0.3292 0.3201 0.0555 0.3499 0.3120 
90 0.0154 0.2909 0.3677 0.0165 0.3301 0.3207 0.0549 0.3516 0.3136 
120 0.0176 0.3012 0.3830 0.0155 0.3298 0.3203 0.0558 0.3524 0.3140 
150 0.0159 0.3193 0.4018 0.0159 0.3316 0.3205 0.1384 0.4357 0.3984 
180    0.0157 0.3326 0.3214 0.0571 0.3531 0.3146 
210       0.0569 0.3535 0.3148 
240       0.0574 0.3529 0.3171 
270       0.0576 0.3549 0.3163 
300       0.0570 0.3511  
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Table E.3: Length Change Data for #100 Rubber Concrete Specimens 
No. of 
Cycles 
Base 
Reading 
Comparator Readings 
Base 
Reading 
Comparator Readings 
Base 
Reading 
Comparator Readings 
Sample Sample Sample 
1 2 1 2 1 2 
 #100-8% (AMB)  #100-16% (AMB)  #100-24% (AMB) 
0 0.0576 0.3803 0.3222 0.0584 0.2784 0.2675 0.0583 0.3496 0.3238 
30 0.0582 0.3824 0.3245 0.0582 0.2808 0.2711 0.0582 0.3582 0.3317 
60 0.0582 0.3834 0.3260 0.0575 0.2796 0.2716 0.0551 0.3574 0.3317 
90 0.0582 0.3734 0.3238 0.0586 0.2814 0.2667 0.0589 0.3538 0.3292 
120 0.0540 0.3768 0.3213 0.0581 0.2818 0.2717 0.0581 0.3601 0.3315 
150 0.0523 0.3758 0.3198 0.0588 0.2799 0.2688 0.0584 0.3552 0.3318 
180 0.0525 0.3780 0.3217 0.0539 0.2804 0.2662 0.0539 0.3566 0.3262 
210 0.0520 0.3793 0.3225 0.0535 0.2814 0.2665 0.0533 0.3567 0.3267 
240 0.0530 0.3839 0.3259 0.0528 0.2790 0.2630 0.0529 0.3557 0.3249 
270 0.0522 0.2794 0.2641 0.0522 0.2794 0.2641 0.0522 0.3556 0.3255 
300 0.0528 0.2803 0.2656 0.0528 0.2803 0.2656 0.0529 0.3573 0.3267 
 #100-8% (CRY)  #100-16% (CRY)  #100-24% (AMB) 
0 0.0085 0.2811 0.2807 0.0380 0.3260 0.2989 0.1510 0.5152 0.4145 
30 0.0018 0.2828 0.2819 0.0375 0.3289 0.3012 0.0558 0.4349 0.3258 
60 0.0243 0.3101 0.3045 0.0365 0.3299 0.3017 0.0570 0.4998 0.3845 
90 0.0158 0.3098 0.3262 0.0370 0.3318 0.3033 0.0574  0.4492 
120 0.0276 0.3075 0.3014 0.0365 0.3338 0.3076    
150 0.0158 0.2987 0.3084 0.0372 0.3394 0.3139    
180 0.0159 0.3159 0.3271 0.0369 0.3459 0.3250    
210    0.0549 0.3676 0.3522    
240    0.0555 0.3756 0.3712    
270    0.0553 0.3831 0.3892    
300    0.0553 0.3906 0.4084    
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Table E.4: Length Change Data for Control Concrete and AEC Specimens 
No. of 
Cycles 
Base Reading 
Comparator Readings 
Sample 
1 2 
 Control Concrete 
0 0.0556 0.3729 0.3848 
30 0.0550 0.3776 0.3901 
60 0.0559 0.3798 0.3925 
90 0.1130 0.4491 0.4668 
120 0.0558 0.3994 0.4146 
150 0.0564 0.4094 0.4224 
180 0.0574 0.4279 0.4421 
210 0.0574 0.4487 0.4548 
240 0.0580 0.4713 0.4780 
 AEC 
0 0.0521 0.3021 0.3473 
30 0.0515 0.3009 0.3418 
60 0.0523 0.3025 0.3460 
90 0.0523 0.3039 0.3469 
120 0.0510 0.3025 0.3455 
150 0.0535 0.3054 0.3475 
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Table E.5: Weight Loss Data for #8 F-T Samples 
No. of 
Cycles 
Weight (grams) Weight (grams) Weight (grams) 
Sample 1 Sample 2 Sample 1 Sample 2 Sample 1 Sample 2 
 #8-8% (AMB) #8-16% (AMB) #8-24% (AMB) 
0 4123.9 4045.5 3897.3 4031.9 4024.3 3818.4 
30 4046.9 4125.4 3900.1 4034.9 4032.2 3824.7 
60 4047.8 4128.1 3899.8 4035.8 4034.9 3825.9 
90 4048.4 4130.8 3900.1 4037.5 4042.0 3830.4 
120 4049.7 4130.8 3899.1 4038.2 4032.1 3831.6 
150 4050.1 4130.9 3898.1 4037.3 4020.5 3834.2 
180 4049.7 4128.8 3892.9 4028.5 4000.9 3819.3 
210 4047.9 4132.3 3891.9 4031.9 3978.8 3818.3 
240 4047.5 4131.1 3891.6 4032.4  3797.8 
270 4045.4 4131.6 3883.1 4020.6   
300 4047.8 4132.7 3878.4 4015.9   
 #8-8% (CRY)  #8-16% (CRY) #8-24% (CRY) 
0 4051.9 4068.4 4067.4 3896.7 3771.4 3847.2 
30 4068.9 4085.5 4080.0 3876.9 3788.4 3860.4 
60 4074.8 4092.7 4090.9 3827.8 3805.3 3873.2 
90 4092.6 4120.5 4106.9 0 3786.4 3867.8 
120 4076.4  4085.4 0   
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Table E.6: Weight Loss Data for #50 F-T Samples 
No. of 
Cycles 
Weight (grams) Weight (grams) Weight (grams) 
Sample 1 Sample 2 Sample 1 Sample 2 Sample 1 Sample 2 
 #50-8% (AMB) #50-16% (AMB) #50-24% (AMB) 
0 3933.9 4022.8 3909.9 3899.1 3922.1 3876.3 
30 3938.6 4028.8 3913.9 3903.9 3926.8 3881.2 
60 3940.6 4030.9 3914.8 3904.8 3927.9 3883.3 
90 3943.6 4034.3 3916.8 3907.6 3930.2 3883.7 
120 3944.4 4035.8 3914.1 3899.8 3926.2 3881.7 
150 3945.9 4036.7 3915.8 3898.3 3928.5 3884.0 
180 3949.2 4036.9 3915.3 3900.9 3927.1 3883.2 
210 3949.2 4041.9 3914.1 3899.3 3925.9 3883.4 
240 3939.5 4030.2 3910.6 3894.1 3919.8 3874.2 
270 3938.1 4026.1 3906.4 3889.3 3912.9 3867.6 
300 3929.9 4020.4 3903.6 3882.5 3902.7 3861.8 
 #50-8% (CRY) #50-16% (CRY) #50-24% (CRY) 
0 4079.9 3991.8 3824.1 3867.5 3773.3 3761.2 
30 4096.5 4008.5 3834.4 3876.8 3794.8 3781.2 
60 4097.5 4010.5 3835.8 3879.0 3798.2 3783.1 
90 4102.2 4102.2 3833.8 3880.3 3797.5 3782.7 
120 4103.5 4004.6 3827.6 3874.5 3797.4 3782.9 
150 4100.4 4003.2 3825.3 3874.4 3794.3 3778.8 
180   3816.2 3869.5 3789.9 3776.5 
210   3804.2 3866.7 3775.8 3766.1 
240   3778.1 3848.6 3752.3 3747.4 
270     3742.5 3734.8 
300     3730.6 3719.7 
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Table E.7: Weight Loss Data for #100 F-T Samples 
No. of 
Cycles 
Weight (grams) Weight (grams) Weight (grams) 
Sample 1 Sample 2 Sample 1 Sample 2 Sample 1 Sample 2 
 #100-8% (AMB) #100-16% (AMB) #100-24% (AMB) 
0 4073.0 4052.1 3835.4 3831.1 3964.1 3884.2 
30 4078.8 4056.3 3842.5 3837.6 3968.1 3889.1 
60 4079.5 4057.1 3843.4 3838.8 3967.5 3889.4 
90 4081.2 4058.9 3842.5 3837.9 3969.4 3891.9 
120 4081.9 4056.4 3840.3 3834.6 3967.1 3879.9 
150 4082.7 4059.9 3840.6 3853.3 3966.3 3877.7 
180 4081.2 4058.3 3840.7 3837.9 3966.5 3885.6 
210 4080.9 4059.2 3833.7 3836.1 3965.9 3883.8 
240 4082.9 4059.7 3829.6 3836.6 3965.2 3881.8 
270 4084.7 4061.6 3823.8 3834.0 3965.0 3878.1 
300 4084.8 4062.9 3814.4 3827.8 3963.9 3872.9 
 #100-8% (CRY) #100-16% (CRY) #100-24% (CRY) 
0 4044.7 4047.0 3937.9 3934.7 3810.4 3697.6 
30 4004.9 4004.7 3946.0 3943.0 3835.8 3716.5 
60 3918.7 3999.8 3947.0 3943.9 3836.9 3747.1 
90 3908.9 3997.3 3950.5 3946.3 3829.4 3735.1 
120 3905.6 3996.8 3947.9 3946.0   
150 3900.3 3995.6 3952.4 3949.6   
180 3904.0 3995.6 3952.0 3953.4   
210   3956.6 3959.5   
240   3956.5 3956.5   
270   3898.0 3905.6   
300   3866.4 3816.5   
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Table E.8: Weight Loss Data for Control Concrete and AEC F-T Samples 
No. of 
Cycles 
Weight (grams) 
Sample 1 Sample 2 
 Control Concrete 
0 3792.3 3680.8 
30 3804.9 3695.8 
60 3804.7 3696.9 
90 3792.3 3688.0 
120 3782.6 3680.0 
150 3769.0 3675.7 
180 3758.9 3661.4 
210 3745.7 3645.3 
240 3730.9 3637.1 
 AEC 
0 3891.9 3862.3 
30 3897.5 3867.1 
60 3896.4 3864.7 
90 3894.9 3864.4 
120 3891.1 3855.8 
150 3868.7 3830.3 
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Table E.9: Relative Dynamic Modulus Data for #8 F-T Samples 
No. of 
Cycles 
Transverse Frequency 
(Hz) 
Transverse Frequency 
(Hz) 
Transverse Frequency 
(Hz) 
Sample 1 Sample 2 Sample 1 Sample 2 Sample 1 Sample 2 
 #8-8% (AMB) #8-16% (AMB) #8-24% (AMB) 
0 2940 2940 2837 2873 2757 2757 
30 2693 2667 2570 2597 2170 2417 
60 2750 2630 2530 2533 2150 2437 
90 2747 2527 2520 2493 1720 2147 
120 2753 2537 2370 2367 1263 1893 
150 2760 2530 2410 2270 510 1587 
180 2740 2340 2343 2207 600 1140 
210 2690 2240 2283 2170 0 955 
240 2590 2093 2100 2180 0 377 
270 2543 1930 1960 2063   
300 2387 1760 1720 1980   
 #8-8% (CRY) #8-16% (CRY) #8-24% (CRY) 
0 2597 1803 2100 1920 3063 3230 
30 2400 1607 2042 1768 1940 1830 
60 1825 1632 1220 572.08 930 682 
90 991.7 524.0 390.67 0 307 743 
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Table E.10: Relative Dynamic Modulus Data for #50 F-T Samples 
No. of 
Cycles 
Transverse Frequency 
(Hz) 
Transverse Frequency 
(Hz) 
Transverse Frequency 
(Hz) 
Sample 1 Sample 2 Sample 1 Sample 2 Sample 1 Sample 2 
 #50-8% (AMB) #50-16% (AMB) #50-24% (AMB) 
0 2940 2883 2810 2783 2740 2720 
30 2643 2697 2607 2517 2510 2480 
60 2643 2647 2600 2517 2577 2527 
90 2607 2613 2623 2510 2540 2513 
120 2633 2557 2633 2537 2570 2547 
150 2527 2490 2600 2527 2580 2560 
180 2187 2340 2600 2553 2607 2600 
210 1763 2160 2570 2583 2550 2523 
240 1960 2080 2473 2580 2493 2467 
270 1737 1950 2410 2590 2520 2550 
300 1523 1703 2283 2580 2540 2570 
 #50-8% (CRY) #50-16% (CRY) #50-24% (CRY) 
0 2460 2117 1847 2487 2380 2377 
30 2122 1715 2283 2395 2303 2410 
60 2015 1302 2334 2188 2417 2440 
90 1673 1527 2243 2353 2433 2467 
120 1433 1253 2190 2330 2437 2460 
150 849 683 2210 2327 2443 2450 
180   2197 1960 2440 2390 
210   2043 2303 2400 2433 
240   2100 2353 2423 2440 
270     2400 2447 
300     2350 2440 
 
 
 
 
 
 
 
 
 
 
  268 
Table E.11: Relative Dynamic Modulus Data for #100 F-T Samples 
No. of 
Cycles 
Transverse Frequency 
(Hz) 
Transverse Frequency 
(Hz) 
Transverse Frequency 
(Hz) 
Sample 1 Sample 2 Sample 1 Sample 2 Sample 1 Sample 2 
 #100-8% (AMB) #100-16% (AMB) #100-24% (AMB) 
0 2753 2753 2993 3033 3240 3153 
30 2683 2690 2537 2553 2537 2543 
60 2707 2750 2540 2550 2550 2520 
90 2710 2757 2550 2533 2543 2530 
120 2730 2720 2520 2563 2510 2480 
150 2663 2773 2563 2600 2547 2517 
180 2647 2800 2560 2597 2533 2563 
210 2637 2720 2540 2593 2537 2560 
240 2640 2523 2540 2600 2500 2573 
270 2640 2833 2557 2597 2543 2557 
300 2640 2197 2557 2573 2483 2570 
 #100-8% (CRY) #100-16% (CRY) #100-24% (CRY) 
0 2240 2587 2700 2693 3240 3260 
30 2333 2300 2427 2459 1607 1853 
60 1927 1957 2438 2478 255 484 
90 1350 1563 2386 2374   
120 1290 1813 2316 2183   
150 1420 1300 2073 1759   
180 798 835 1930 1630   
210   1823 1230   
240   1633 1050   
270   1430 779   
300   1133 243   
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Table E.12: Relative Dynamic Modulus Data for Control Concrete and AEC F-T Samples 
No. of Cycles 
Transverse Frequency 
(Hz) 
Transverse Frequency 
(Hz) 
Sample 1 Sample 2 Sample 1 Sample 2 
 Control Concrete AEC 
0 3080 3127 2773 2750 
30 2717 2720 2587 2507 
60 2680 2680 2597 2500 
90 2170 2137 2563 2507 
120 1770 1830 2567 2453 
150 1330 1350 2550 2420 
180 824 934   
210 457 648   
240 361 454   
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Table E.13: Length Change Data for #50 Rubber Concrete Specimens with High Alkali Cement 
No. of 
Cycles 
Base 
Reading 
Comparator Readings 
Base 
Reading 
Comparator Readings 
Sample Sample 
1 2 1 2 
 #50-16% (AMB)  #50-24% (AMB) 
0 0.0568 0.3228 0.3893 0.0567 0.3729 0.3688 
30 0.0545 0.3238 0.3903 0.0544 0.3745 0.3703 
60 0.0520 0.3221 0.3890 0.0520 0.3725 0.3683 
90 0.0181 0.2875 0.3546 0.0179 0.3392 0.3344 
120 0.0186 0.2895 0.3554 0.0186 0.3404 0.3359 
150 0.0191 0.2896 0.3556 0.0193 0.3432 0.3366 
180 0.0191 0.2903 0.3567 0.0184 0.3426 0.3365 
210 0.0200 0.2927 0.3572 0.0200 0.3439 0.3381 
240 0.0229 0.2940 0.3608 0.0224 0.3431 0.3408 
270 0.0234 0.2946 0.3599 0.0232 0.3489 0.3416 
300 0.0233 0.2954 0.3614 0.0233 0.3511 0.3449 
 #50-16% (CRY)  #50-24% (CRY) 
0 0.0567 0.3805 0.3255 0.0224 0.3249 0.3328 
30 0.0545 0.3817 0.3272 0.0418 0.3451 0.3513 
60 0.0522 0.3798 0.3243 0.0415 0.3453 0.3535 
90 0.0179 0.3450 0.2874 0.0420 0.3455 0.3523 
120 0.0186 0.3458 0.2886 0.0412 0.3457 0.3529 
150 0.0190 0.3467 0.2913 0.0397 0.3445 0.3509 
180 0.0184 0.3479 0.2924 0.0616 0.3674 0.3728 
210 0.0203 0.3492 0.2938 0.0602 0.3671 0.3705 
240 0.0225 0.3525 0.2952 0.0609 0.3699 0.3730 
270 0.0237 0.3538 0.2921 0.0612 0.3700 0.3728 
300 0.0233 0.3568 0.3022 0.0602 0.3694 0.3749 
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Table E.14: Length Change Data for #100 Rubber Concrete Specimens with High Alkali Cement 
No. of 
Cycles 
Base 
Reading 
Comparator Readings 
Base 
Reading 
Comparator Readings 
Sample Sample 
1 2 1 2 
 #100-16% (AMB)  #100-24% (AMB) 
0 0.0566 0.3467 0.3985 0.0221 0.3096 0.3453 
30 0.0546 0.3462 0.3965 0.0419 0.3312 0.3630 
60 0.0521 0.3443 0.3973 0.0415 0.3341 0.3627 
90 0.0178 0.3107 0.3621 0.0419 0.3339 0.3649 
120 0.0186 0.3114 0.3629 0.0416 0.3353 0.3584 
150 0.0191 0.3118 0.3641 0.0403 0.3347 0.3573 
180 0.0183 0.3116 0.3630 0.0616 0.3521 0.3800 
210 0.0200 0.3136 0.3624 0.0602 0.3509 0.3781 
240 0.0230 0.3150 0.3635 0.0611 0.3558 0.3908 
270 0.0234 0.3145 0.3597 0.0610 0.3543 0.3832 
300 0.0233 0.3197 0.3649 0.0602 0.3587 0.3856 
 #100-16% (CRY)  #100-24% (CRY) 
0 0.0419 0.3629 0.3247 0.0419 0.3629 0.3247 
30 0.0415 0.3635 0.3241 0.0415 0.3635 0.3241 
60 0.0418 0.3633 0.3246 0.0418 0.3633 0.3246 
90 0.0416 0.3647 0.3240 0.0416 0.3647 0.3240 
120 0.0400 0.3620 0.3226 0.0400 0.3620 0.3226 
150 0.0617 0.3820 0.3451 0.0617 0.3820 0.3451 
180 0.0600 0.3938 0.3424 0.0600 0.3938 0.3424 
210 0.0611 0.3886 0.3470 0.0611 0.3886 0.3470 
240 0.0607 0.3888 0.3467 0.0607 0.3888 0.3467 
270 0.0602 0.3587 0.3856 0.0602 0.3587 0.3856 
300 0.0603 0.3908 0.3840 0.0603 0.3908 0.3840 
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Table E.15: Length Change Data for RHA Specimens 
No. of 
Cycles 
Base 
Reading 
Comparator Readings 
Base 
Reading 
Comparator Readings 
Sample Sample 
1 2 1 2 
 #50-16%_AMB_RHA_LA  #100-16%_AMB_RHA_LA 
0 0.0711 0.4044 0.3465 0.0714 0.4009 0.3384 
30 0.0419 0.3777 0.3179 0.0419 0.3702 0.3094 
60 0.0416 0.3724 0.3185 0.0416 0.3711 0.3110 
90 0.0421 0.3727 0.3201 0.0420 0.3725 0.3134 
120 0.0415 0.3716 0.3183 0.0415 0.3737 0.3141 
150 0.0400 0.3721 0.3181 0.0396 0.3736 0.3134 
180 0.0616 0.3979 0.3399 0.0601 0.3966 0.3318 
210 0.0601 0.3938 0.3424 0.0602 0.3963 0.3366 
240 0.0611 0.3968 0.3448 0.0611 0.4011 0.3412 
270 0.0607 0.3965 0.3466 0.0609 0.4054 0.3455 
300 0.0602 0.3979 0.3446 0.0603 0.4070 0.3481 
 #50-16%_AMB_RHA_HA  #100-16%_AMB_RHA_HA 
0 0.3815 0.3200 0.0576 0.0566 0.3841 0.3392 
30 0.3811 0.3214 0.0524 0.0543 0.3858 0.3408 
60 0.3786 0.3270 0.0520 0.0521 0.3830 0.3349 
90 0.3549 0.3026 0.0178 0.0181 0.3530 0.3097 
120 0.3752 0.3210 0.0186 0.0186 0.3593 0.3174 
150 0.3973 0.3434 0.0188 0.0186 0.3658 0.3296 
180 0.4272 0.3689 0.0182 0.0181 0.3708 0.3394 
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Table E.16: Length Change Data for AEC and Control Specimens 
No. of 
Cycles 
Base 
Reading 
Comparator Readings 
Base 
Reading 
Comparator Readings 
Sample Sample 
1 2 1 2 
 AEC  CONTROL_RHA_LA 
0 0.0186 0.3544 0.3005 0.0224 0.3017 0.3286 
30 0.0189 0.3541 0.3023 0.0219 0.3007 0.3278 
60 0.0181 0.3491 0.3038 0.0233 0.2939 0.3329 
90 0.0201 0.3506 0.3063 0.0233 0.2970 0.3335 
120 0.0230 0.3532 0.3065 0.0393 0.3146 0.3448 
150 0.0236 0.3551 0.3099 0.0420 0.3210 0.3525 
180 0.0233 0.3578 0.3116 0.0418 0.3334 0.3602 
210 0.0240 0.3566 0.3123 0.0418 0.3680 0.3305 
240 0.0219 0.3643 0.3128 0.0415 0.3804 0.3371 
270 0.0239 0.3656 0.3159    
300 0.0235 0.3691 0.3205    
 Control Concrete  CONTROL_RHA_HA 
0 0.0570 0.3745 0.3786 0.0233 0.3538 0.2449 
30 0.0545 0.3822 0.3857 0.0220 0.3728 0.2763 
60 0.0520 0.4064 0.4087 0.0232 0.4146 0.3457 
90 0.0520 0.4349 0.4062    
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Table E.17: Length Change Data for Latex Modified Specimens 
No. of 
Cycles 
Base 
Reading 
Comparator Readings 
Base 
Reading 
Comparator Readings 
Sample Sample 
1 2 1 2 
 LATEX_10%_LA  LATEX_20%_LA 
0 0.0234 0.3232 0.2798 0.0234 0.3461 0.3232 
30 0.0227 0.3282 0.2842 0.0233 0.3489 0.3264 
60 0.0235 0.3295 0.2850 0.0219 0.3494 0.3279 
90 0.0218 0.3288 0.2840 0.0231 0.3559 0.3378 
120 0.0231 0.3400 0.2854 0.0233 0.3611 0.3456 
150 0.0235 0.3397 0.2873 0.0393 0.3802 0.3712 
180 0.0400 0.3531 0.3040 0.0418 0.3893 0.3846 
210 0.0418 0.3577 0.3069 0.0417 0.3971 0.4053 
240 0.0421 0.3592 0.3085    
270 0.0418 0.3597 0.3092    
300 0.0416 0.3627 0.3121    
 LATEX_10%_HA  LATEX_20%_HA 
0 0.0181 0.3560 0.3048 0.0178 0.2994 0.2832 
30 0.0177 0.3726 0.3229 0.0230 0.3263 0.3193 
60 0.0230 0.3944 0.3543 0.0224 0.3649 0.3433 
90 0.0228 0.4425 0.4105    
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Table E.18: Length Change Data for Vibration Study 
No. of 
Cycles 
Base 
Reading 
Comparator Readings 
Base 
Reading 
Comparator Readings 
Sample Sample 
1 2 1 2 
 #50-16%_AMB_VBT1  #50-16%_AMB_VBT5 
0 0.0606 0.3156 0.3387 0.0603 0.3655 0.3802 
30 0.0605 0.3190 0.3420 0.0603 0.3693 0.3834 
60 0.0603 0.3196 0.3432 0.0589 0.3707 0.3853 
90 0.0589 0.3203 0.3444 0.0612 0.3754 0.3952 
120 0.0612 0.3234 0.3460 0.0611 0.3780 0.4016 
150 0.0611 0.3241 0.3469 0.0607 0.3814 0.4092 
180 0.0606 0.3254 0.3480 0.0600 0.3828 0.4107 
210 0.0603 0.3263 0.3492 0.0606 0.3845 0.4188 
240 0.0606 0.3290 0.3510 0.0600 0.3873 0.4218 
270 0.0600 0.3312 0.3534 0.0596 0.3905 0.4256 
300 0.0602 0.3325 0.3541 0.0597 0.3913 0.4267 
 #50-16%_AMB_VBT3  #50-16%_CRY_LA_VBT1 
0 0.0612 0.3950 0.3964 0.0419 0.2649 0.2931 
30 0.0613 0.3984 0.4000 0.0411 0.2719 0.2962 
60 0.0608 0.3986 0.3988 0.0403 0.2728 0.2949 
90 0.0600 0.3982 0.4001 0.0613 0.2908 0.3160 
120 0.0606 0.3992 0.4002 0.0604 0.2920 0.3159 
150 0.0600 0.4000 0.3981 0.0611 0.2941 0.3179 
180 0.0596 0.3998 0.3993 0.0609 0.2953 0.3175 
210 0.0598 0.4000 0.4001 0.0602 0.2982 0.3188 
240 0.0597 0.3992 0.3985 0.0603 0.2946 0.3177 
270 0.0594 0.4008 0.3980 0.0602 0.2960 0.3197 
300 0.0598 0.4018 0.4007 0.0593 0.2929 0.3163 
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Table E.19: Length Change Data for Vibration Study 
No. of 
Cycles 
Base 
Reading 
Comparator Readings 
Base 
Reading 
Comparator Readings 
Sample Sample 
1 2 1 2 
 #50-16%_CRY_LA_VBT3  #50-16%_CRY_LA_VBT5 
0 0.0422 0.3528 0.3694 0.0410 0.3409 0.3085 
30 0.0394 0.3547 0.3716 0.0397 0.3427 0.3106 
60 0.0617 0.3760 0.3901 0.0617 0.3655 0.3424 
90 0.0602 0.3936 0.3761 0.0602 0.3645 0.3324 
120 0.0611 0.3787 0.3955 0.0612 0.3657 0.3337 
150 0.0610 0.3795 0.3956 0.0611 0.3672 0.3342 
180 0.0603 0.3801 0.3970 0.0603 0.3675 0.3337 
210 0.0603 0.3811 0.3991 0.0603 0.3668 0.3332 
240 0.0603 0.3833 0.4026 0.0602 0.3683 0.3336 
270 0.0590 0.3815 0.4003 0.0589 0.3660 0.3333 
300 0.0614 0.3835 0.4049 0.0614 0.3691 0.3353 
 #50-16%_AMB_LA_M1  #50-16%_AMB_LA_M3 
0 0.0612 0.2685 0.3182 0.0612 0.3646 0.3970 
30 0.0611 0.2724 0.3222 0.0607 0.3665 0.4000 
60 0.0609 0.2721 0.3220 0.0600 0.3676 0.3993 
90 0.0600 0.2732 0.3225 0.0607 0.3682 0.4005 
120 0.0599 0.2733 0.3221 0.0597 0.3672 0.3996 
150 0.0596 0.2735 0.3225 0.0598 0.3673 0.3999 
180 0.0599 0.2738 0.3261 0.0600 0.3676 0.4003 
210 0.0606 0.2744 0.3286 0.0597 0.3667 0.4000 
240 0.0596 0.2746 0.3259 0.0594 0.3696 0.4000 
270 0.0596 0.2746 0.3257 0.0598 0.3696 0.4004 
300 0.0598 0.2759 0.3258 0.0596 0.3698 0.4007 
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Table E.20: Relative Dynamic Modulus Data for High Alkali Cement F-T Specimens 
No. of 
Cycles 
Transverse Frequency 
(Hz) 
Sample 1 Sample 2 Sample 1 Sample 2 Sample 1 Sample 2 Sample 1 Sample 2 
 #50-16% (AMB) #100-16% (AMB) #50-24% (AMB) #100-24% (AMB) 
0 2900 2967 2523 2523 3067 3020 2490 2480 
30 2520 2493 2463 2483 2390 2373 2290 2240 
60 2473 2457 2427 2437 2433 2420 2303 2287 
90 2500 2497 2453 2477 2410 2380 2280 2310 
120 2517 2480 2520 2483 2423 2393 2280 2273 
150 2507 2507 2500 2490 2390 2407 2273 2273 
180 2503 2523 2497 2480 2373 2407 2283 2287 
210 2507 2520 2503 2480 2403 2390 2283 2313 
240 2517 2510 2483 2500 2327 2337 2283 2290 
270 2523 2530 2480 2503 2273 2350 2277 2287 
300 2527 2527 2500 2500 2193 2317 2263 2277 
 #50-16% (CRY) #100-16% (CRY) #50-24% (CRY) #100-24% (CRY) 
0 3023 3020 2653 2577 2590 2560 2410 2370 
30 2490 2483 2527 2467 2340 2330 2343 2333 
60 2487 2520 2510 2427 2343 2330 2353 2323 
90 2493 2520 2547 2493 2360 2333 2360 2310 
120 2530 2527 2550 2513 2350 2333 2360 2303 
150 2470 2500 2560 2520 2343 2350 2357 2277 
180 2467 2500 2557 2500 2347 2353 2360 2300 
210 2440 2430 2557 2497 2307 2353 2367 2320 
240 2377 2383 2550 2450 2327 2337 2360 2323 
270 2320 2363 2530 2430 2330 2323 2333 2320 
300 2247 2320 2530 2270 2283 2293 2327 2267 
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Table E.21: Relative Dynamic Modulus Data for High Alkali Cement F-T Specimens 
No. of 
Cycles 
Transverse Frequency 
(Hz) 
Sample 1 Sample 2 Sample 1 Sample 2 Sample 1 Sample 2 Sample 1 Sample 2 
 #50-16% AMB_RHA_HA #100-16% AMB_RHA_HA #50-16%_AMB_RHA_LA #100-16%_AMB_RHA_LA 
0 2583 2593 3110 3130 2710 2740 2740 2773 
30 2490 2513 2497 2483 2490 2480 2450 2490 
60 2277 2280 2467 2347 2460 2497 2467 2450 
90 1737 1937 2353 2130 2460 2500 2443 2380 
120 1307 1527 2077 1933 2463 2497 2420 2360 
150 778 985 1957 1557 2430 2433 2403 2320 
180 663 664 1723 1373 2437 2450 2370 2277 
210   825 1383 2403 2427 2353 2237 
240     2380 2417 2220 2107 
270     2377 2397 2083 1973 
300     2383 2347 2000 1837 
 CONTROL_HA AEC_HA CONTROL_RHA_LA CONTROL_RHA_HA 
0 2903 2933 3333 3303 2920 2980 2980 2990 
30 2490 2347 2567 2583 2570 2287 1760 1353 
60 1393 1423 2577 2560 2430 2173 642 607 
90 629 877 2560 2547 2433 2037   
120   2520 2517 2353 1850   
150   2513 2487 2097 1680   
180   2427 2480 1860 1577   
210   2333 2430 1350 1750   
240   2093 2303 1067 1657   
270   1920 2083     
300   1877 2003     
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Table E.22: Relative Dynamic Modulus Data for Latex Modified and Vibration Study Specimens  
No. of 
Cycles 
Transverse Frequency 
(Hz) 
Sample 1 Sample 2 Sample 1 Sample 2 Sample 1 Sample 2 Sample 1 Sample 2 
 LATEX_LA_10% LATEX_LA_20% LATEX_HA_10% LATEX_HA_20% 
0 2760 2760 2660 2650 2820 2810 3050 3080 
30 2660 2640 2437 2300 2223 2090 2113 1563 
60 2580 2580 2180 2070 1417 1497 1060 1340 
90 2520 2533 2117 1930 688 448   
120 2490 2567 2007 1710     
150 2427 2570 1750 1460     
180 2360 2503 1593 1200     
210 2333 2513       
240 2270 2483       
270 2200 2447       
300 2120 2327       
 #50-16%_CRY_LA_VBT1 #50-16%_CRY_LA_VBT3 #50-16%_CRY_LA_VBT5 #50-16%_AMB_LA_VBT1 
0 2730 2710 2683 2690 2700 2700 2577 2637 
30 2500 2493 2480 2450 2463 2513 2460 2577 
60 2493 2440 2477 2453 2457 2513 2423 2530 
90 2510 2443 2423 2467 2453 2490 2347 2460 
120 2517 2463 2447 2470 2490 2493 2310 2340 
150 2520 2527 2453 2467 2490 2507 2257 2273 
180 2517 2530 2457 2420 2480 2497 2200 2233 
210 2517 2507 2417 2377 2470 2517 2110 2160 
240 2510 2503 2390 2337 2480 2530 2087 2110 
270 2487 2500 2400 2293 2470 2503 1980 2023 
300 2503 2473 2393 2267 2457 2490 1840 1720 
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Table E.23: Relative Dynamic Modulus Data for Vibration Study Specimens 
No. of 
Cycles 
Transverse Frequency 
(Hz) 
Sample 1 Sample 2 Sample 1 Sample 2 Sample 1 Sample 2 Sample 1 Sample 2 
 #50-16%_AMB_LA_VBT3 #50-16%_AMB_LA_VBT5 #50-16%_AMB_LA_M1 #50-16%_AMB_LA_M3 
0 2710 2720 2690 2703 2613 2637 2690 2703 
30 2650 2637 2433 2690 2597 2603 2607 2607 
60 2500 2533 2390 2487 2380 2483 2520 2510 
90 2490 2517 2303 2403 2357 2467 2517 2510 
120 2487 2513 2280 2377 2357 2473 2507 2510 
150 2447 2513 2260 2287 2333 2413 2517 2480 
180 2457 2510 2197 2150 2333 2373 2527 2437 
210 2440 2523 2177 2107 2330 2340 2540 2537 
240 2447 2500 2133 1977 2330 2373 2550 2537 
270 2383 2480 1990 1950 2273 2327 2527 2543 
300 2363 2470 1950 1873 2183 2263 2490 2540 
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Table E.24: Hardened Air Content Data for Low Alkali Cement Specimens 
Sample 
Size 
(mm) 
Area 
(mm
2
) 
Paste 
Content 
(%) 
Total Length 
of Traverse 
(mm) 
Void 
Frequency 
(1/mm) 
Average 
Chord 
Length 
(mm) 
Specific 
Surface 
(mm
2
/mm
3
) 
Air 
Content 
(%) 
Spacing 
Factor 
(mm) 
Crumb Rubber 
Content (%) 
#8-8% (AMB) 90x90 8100 30.43 2610.8 0.065 0.300 13.35 1.95 0.578 2.60 
#8-8% (CRY) 90x85 7650 28.28 2465.0 0.056 0.298 13.43 1.66 0.597 1.66 
#8-16% (AMB) 90x90 8100 21.54 2609.1 0.063 0.404 9.91 2.54 0.595 4.55 
#8-16% (CRY) 96x88 8448 30.99 2778.6 0.043 0.300 13.33 1.29 0.698 6.56 
#8-24% (AMB) 90x90 8100 29.57 2434.2 0.107 0.385 10.38 4.11 0.526 13.67 
#8-24% (CRY) 109x91 9919 32.01 2457.7 0.047 0.388 10.30 1.82 0.789 7.62 
#50-8% (AMB) 100x90 9000 23.00 2612.5 0.095 0.354 11.28 3.38 0.473 1.95 
#50-8% (CRY) 100x92 9200 25.03 2485.3 0.097 0.293 13.67 2.83 0.439 1.62 
#50-16% (AMB) 90x90 8100 30.45 2609.1 0.199 0.219 18.25 4.36 0.296 4.81 
#50-16% (Cry) 97x96 9312 27.93 2397.6 0.225 0.222 18.05 4.98 0.270 4.49 
#50-24% (AMB) 90x90 8100 21.44 2430.8 0.260 0.250 15.99 6.49 0.206 6.98 
#50-24% (CRY) 90x85 7650 27.92 2435.2 0.303 0.167 23.97 5.06 0.202 6.68 
#100-8% (AMB) 90x90 8100 30.38 2430.8 0.150 0.298 13.40 4.47 0.398 1.68 
#100-8% (CRY) 90x90 8100 31.42 2430.8 0.191 0.186 21.48 3.56 0.279 2.03 
#100-16% (AMB) 90x90 8100 26.00 2429.1 0.335 0.217 18.42 7.27 0.194 4.75 
#100-16% (CRY) 100x92 9200 27.00 2483.7 0.284 0.176 22.79 4.98 0.211 3.57 
#100-24% (AMB) 90x90 8100 19.90 2430.8 0.276 0.281 14.24 7.75 0.180 4.33 
#100-24% (CRY) 100x91 9100 22.50 2641.5 0.173 0.267 14.96 4.62 0.306 5.98 
Control Concrete 100x90 9000 26.52 2432.5 0.116 0.254 15.77 2.93 0.385 0.00 
AEC 90x90 8100 21.97 2519.1 0.178 0.295 13.56 5.26 0.308 0.00 
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Table E.25: Hardened Air Content Data for Rubber Concrete with HA cement, RHA, Latex and No SP 
Sample 
Size 
(mm) 
Area 
(mm
2
) 
Paste 
Content 
(%) 
Total Length 
of Traverse 
(mm) 
Void 
Frequency 
(1/mm) 
Average 
Chord 
Length 
(mm) 
Specific 
Surface 
(mm
2
/mm
3
) 
Air 
Content 
(%) 
Spacing 
Factor 
(mm) 
Crumb 
Rubber 
Content 
(%) 
#50-16%_AMB_HA 90x90 8100 28.96 2432.5 0.375 0.184 21.73 6.91 0.193 4.68 
#50-16%_CRY_HA 90x90 8100 25.85 2435.9 0.200 0.206 19.45 4.11 0.264 3.28 
#50-24%_AMB_HA 90x90 8100 36.26 2378.2 0.410 0.148 27.06 6.07 0.186 9.78 
#50-24%_CRY_HA 90x90 8100 25.96 2378.2 0.324 0.235 24.33 6.77 0.262 4.25 
#100-16%_AMB_HA 90x90 8100 28.37 2609.1 0.316 0.198 20.25 6.25 0.219 4.16 
#100-16%_CRY_HA 90x90 8100 22.08 2429.1 0.169 0.235 16.99 3.98 0.286 3.14 
#100-24%_AMB_HA 90x90 8100 28.37 2429.1 0.317 0.247 16.18 7.83 0.224 5.38 
#100-24%_CRY_HA 90x90 8100 26.96 2430.8 0.330 0.210 19.09 6.91 0.204 5.38 
CONTROL_HA 90x90 8100 26.71 2612.5 0.061 0.308 13.00 1.88 0.569  
AEC_HA 90x90 8100 23.92 2434.2 0.270 0.209 19.11 5.65 0.222  
#50-
16%_AMB_RHA_LA 
90x90 8100 31.05 2432.5 0.162 0.241 16.58 3.91 0.345 3.91 
#50-
16%_AMB_RHA_HA 
90x90 8100 28.94 2434.2 0.056 0.325 12.33 1.81 0.632 3.42 
#100-
16%_AMB_RHA_LA 
90x90 8100 29.71 2434.2 0.141 0.168 23.77 2.37 0.295 4.46 
#100-
16%_AMB_RHA_HA 
90x90 8100 25.10 2434.2 0.092 0.221 18.12 2.02 0.385 2.09 
CONTROL_RHA_HA 90x90 8100 28.51 2429.1 0.030 0.419 9.56 1.26 0.948  
CONTROL_RHA_LA 90x90 8100 30.09 2250.9 0.074 0.264 15.14 1.96 0.506  
AEC_RHA_HA 90x90 8100 28.65 2429.1 0.321 0.163 24.51 5.24 0.197  
AEC_RHA_LA 90x90 8100 26.61 2430.8 0.383 0.146 27.39 5.59 0.165  
LATEX_LA_10% 90x90 8100 26.61 2430.8 0.103 0.365 10.95 3.77 0.495  
LATEX_LA_20% 90x90 8100 26.19 2430.8 0.082 0.264 15.13 2.16 0.456  
LATEX_HA_10% 90x90 8100 27.81 2429.1 0.064 0.381 10.50 2.45 0.639  
LATEX_HA_20% 90x90 8100 30.68 2434.2 0.055 0.277 14.46 1.53 0.594  
#50-
16%_AMB_LA_NO_SP 
90x90 8100 25.16 2429.1 0.249 0.269 14.87 6.71 0.252 5.03 
#50-
16%_CRY_LA_NO_SP 
90x90 8100 24.74 2429.1 0.256 0.243 16.44 6.22 0.242 6.15 
#100-
24%_AMB_LA_NO_SP 
90x90 8100 25.30 2429.1 0.298 0.223 17.93 6.64 0.212 6.50 
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Table E.26: Hardened Air Content Data for Vibration Study 
Sample 
Size 
(mm) 
Area 
(mm
2
) 
Paste 
Content 
(%) 
Total Length 
of Traverse 
(mm) 
Void 
Frequency 
(1/mm) 
Average 
Chord 
Length 
(mm) 
Specific 
Surface 
(mm
2
/mm
3
) 
Air 
Content 
(%) 
Spacing 
Factor 
(mm) 
Crumb 
Rubber 
Content 
(%) 
#50-16%_CRY_LA_1 90x90 8100 22.43 2429.1 0.251 0.184 21.78 4.61 0.210 3.77 
#50-16%_CRY_LA_3 90x90 8100 22.23 2435.9 0.186 0.270 14.79 5.02 0.296 3.55 
#50-16%_CRY_LA_5 90x90 8100 23.76 2429.1 0.186 0.277 14.43 5.17 0.309 4.40 
#50-16%_AMB_LA_1_0 90x90 8100 23.73 2432.5 0.175 0.359 11.13 6.28 0.340 4.47 
#50-16%_AMB_LA_1_1 90x90 8100 27.51 2430.8 0.181 0.309 12.96 5.59 0.355 4.40 
#50-16%_AMB_LA_5_5 90x90 8100 25.79 2429.1 0.142 0.350 11.42 4.96 0.413 3.63 
#50-16%_AMB_LA_M1 90x90 8100 25.51 2429.1 0.296 0.172 23.21 5.10 0.200 4.26 
#50-16%_AMB_LA_M2 90x90 8100 22.71 2451.2 0.240 0.179 22.39 4.29 0.212 4.43 
#50-16%_AMB_LA_M3 90x90 8100 19.08 2429.1 0.239 0.208 19.25 4.96 0.200 3.07 
AEC_LA_M1 90x90 8100 21.30 2430.8 0.272 0.309 12.96 8.38 0.196  
AEC_LA_M2 90x90 8100 22.29 2429.1 0.262 0.245 16.32 6.43 0.213  
AEC_LA_M3 90x90 8100 21.03 2429.1 0.182 0.269 14.85 4.89 0.290  
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